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I .  INTRODUCTION 
This research program was undertaken t o  provide the Aerospace Environ- 
ment Division, Aero-Astrodynamics Laboratory, Marshal 1 Space Fl ipht  Center ,  with 
t e c h n i q u e s  w h i c h  c o u l d  h e l p  t o  b e t t e r  d e f i n e  t h e  t r a f f i c a b i l i t y  a n d  v i s i b i l i t y  
problems which might be encountered by a manned or unmanned Lunar Roving Vehicle 
c a r r y i n g  o u t  a s c i en t i f i c  mission on the lunar  surface.  The l and inp  s i t e  f o r  
the Apollo 13 mission w a s  s e l e c t e d  and O r b i t e r  d a t a  w a s  used as t h e  b a s e l i n e  i n  
th i s  s tudy  s ince  the  Apol lo  14  s i t e  was i n  t h e  same a rea  and the topoyraphic  
da t a  needed  fo r  t he  s tudy  and f o r  g e n e r a t i o n  of a new  map was i n  a s t a t e  o f  
re-evaluat ion based on bet ter  photoEraphy from the Apollo 1 2  mission. 
1.1 T r a f f i c a b i l i t y  Maps 
The concept of a t r a f f i c a b i l i t y  or "going" map a s  an assist t o  t h e  
ope ra t iona l  u se  o f  veh ic l e s  i s  well e s t a b l i s h e d  on t h e  e a r t h .  For example, 
ex tens ive  series of Cross-Country Movement (CCM) maps have been produced for 
bo th  t ac t i ca l  a n d  s t r a t e g i c  p l a n n i n g  f o r  many a r e a s  of t h e  e a r t h ' s  s u r f a c e .  
These maps are based on t h e  c a p a b i l i t i e s  o f  a typ ica l  t r acked  o r  wheeled 
v e h i c l e  and the  cha l l enge  p resen ted  by t h e  i n t e g r a t e d  effects  o f  s u r f a c e  geometry 
and  compos i t ion ,  vege ta t ion ,  hydro log ica l  f ea tu re s ,  and  cu l tu ra l  mod i f i ca t ions  
o f  t h e  t e r r a i n .  For a t y p i c a l  v e h i c l e ,  t h e  maps c l a s s i f y  and d i s p l a y  areas 
according t o  t h e  ease with which they can be negotiated.  These c l a s s e s  are 
g e n e r a l l y  q u a l i t a t i v e  r a t h e r  t h a n  q u a n t i t a t i v e ,  i n  t h e  s e n s e  t h a t  t h e y  c l a s s i f y  
areas nominally as "good", "fair", etc.  from t h e   s t a n d p o i n t   o f   t r a v e r s -  
a b i l i t y .  By means of methods  developed a t  Cornell   Aeronautical   Laboratory,   such 
maps can  be  produced  by  computer-aided  techniques.   In  this  way, a v a r i e t y  
o f  maps can  be  genera ted ,  each  d isp lay ing  re levant  in format ion  i n  a form par- 
t i c u l a r l y  s u i t e d  t o  t h e  p r o b l e m  a t  hand. 
l lnder previous Contract No. NAS8-25110, Cornell  Aeronautical  
Laboratory,   Inc.  (CAL) considered  hazards   to  movement for a proposed Dual 
(1) H.T.McAdams, Computer  Mapping  and Data Presenta t ion ,   Technica l  Memorandum 
No. VJ-2330-G-55, Cornell   Aeronautical   Laboratory,   ' Inc. ,   Buffalo,  N . Y .  (1969). 
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Mode Lunar Roving Vehicle. (2) This project was denoted as Moon River I 
and will o f t en  be  subsequen t ly  r e fe r r ed  t o  i n  t h i s  r e p o r t  by t h a t  name. A 
companion program was conducted by WNRE, Inc:.under Contract  No. NAS8-25137. 
The objec t ive  of  these  programs was t o  p r e p a r e ,  for  s p e c i f i c  area of the  
lunar  sur face ,  loca ted  in  S inus  Medi i ,  a set of  maps i d e n t i f y i n g  s i t e s  
where a vehic le  might  be  s topped  or  i t s  p r o g r e s s  s e r i o u s l y  hampered. I t  
was e x p e c t e d  t h a t  s u c h  a n  a n a l y s i s ,  i n  a d d i t i o n  t o  s e r v i n g  as a n  a i d  t o  
maneuver ing  the  vehic le  the  vehic le ,  would a l s o  assist i n  d e s i g n i n g  a 
vehic le  having  t h e  d e s i r e d  c a p a b i l i t y  t o  n e g o t i a t e  t h e  l u n a r  t e r r a i n .  
(3) 
V e h i c l e - t e r r a i n  i n t e r a c t i o n  models and co.mputerized mapping techniques 
developed under Contracts NAS8-25130 and NAS8-25137 and a p p l i e d  t o  t h e  Dual Mode 
veh ic l e  were  seen  to  be  app l i cab le  to  the  Manned Lunar  Rover.  The t r a f f i c a b i l i t y  
a spec t  o f  t he  work r e p o r t e d  h e r e i n  r e l i e s  h e a v i l y  on t h e  methods and procedures 
o f  t h e  p rev ious  con t r ac t s .  
The b a s i c  scheme for t r a f f i c a b i l i t y  a n a l y s i s  is  shown i n  Figure 1. 
Factors  affect ing the performance of  t he  Manned Lunar Rover include slope of 
t h e  t e r r a i n ,  c r a t e r  c h a r a c t e r i s t i c s ,  s o i l  s t r e n g t h ,  and the  presence  or absence 
of   such   obs tac les  as b locks   and   l i nea l   f ea tu re s .  These terrain f e a t u r e s   a r e  
a b s t r a c t e d  f r o m  maps and photographs of  the lunar  surface,  expressed i n  d i g i t a l  
form and converged i n t o  " u n i t  t e r r a i n s "  r e p r e s e n t i n g  s p e c i f i c  t y p e s  o f  chal lenges 
to  the  veh ic l e .  By means o f  a v e h i c l e - t e r r a i n  i n t e r a c t i o n  model developed  by 
WNRE, Inc. and modified by CAL, t h e  t e r r a i n  demands a r e  compared w i t h  veh ic l e  
c a p a b i l i t y .  The r e su l t s ,  exp res sed  a s  a code  denoting  whether a s p e c i f i c  l o c a t i o n  
r ep resen t s  a Cb, No-Go, o r  c o n d i t i o n a l  Ca s i t u a t i o n ,  are then  pr in ted  out  as a 
t r a f f i c a b i l i t y  map. 
(2) W.F. Wood and G . M .  Lewandowski,  Maneuvering the  Dual Mode Manned/Automated 
Lunar  Roving  Vehicle,  Report No. VS-2860-D, Cornel1 Aeronautical  Laboratory,  
Inc . ,  Buffa lo ,  N . Y .  .(1970) ( M I O N  RIVER I Final  Report) 
(3) W.C. Grenke  and C . J .  N u t t a l l ,  Jr., Access ib i l i t y  o f  Spec i f i c  Areas  on t h e  
Lunar Surface as a Function of LRV Mobili ty Desim Parameters, Report No.. 201, 
WNRE, Inc.,  Chestertown,  Maryland  (1970). 
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TRAFFICARILITY ANALYSIS 
1 . 2   V i s i b i l i t y  Mans 
I t  is r e c o g n i z e d  t h a t  t h e  a b i l i t y  of  a v e h i c l e  t o  n e g o t i a t e  t h e  l u n a r  
t e r r a i n  d o e s  n o t  e n t i r e l y  d e t e r m i n e  t h e  n a t u r e  of the missions which might be 
per font led .   L ine-of -s ight   v i s ib i l i ty   might  well p l a y  an important role, because 
of t h e  risks involved  in  maneuver ing  in  a t e r r a i n  w h e r e  v i s i b i l i t y  is l i m i t e d .  
I n  p a r t i c u l a r ,  a b i l i t y  t o  n a v i g a t e  might b e  d e g r a d e d  s i g n i f i c a n t l y  i f  l i n e - o f -  
s i g h t  v i s i b i l i t y  i s  r e s t r i c t e d .  I t  was acco rd ing ly  des i r ed  to  deve lop  maps which 
de l inea te   reg ions   where in   spec i f ied   l andmarks  are v i s i b l e .  Tn a d d i t i o n ,  it 
was proposed to develop, by computer display,  representations of the horizon as 
seen from s p e c i f i e d  l o c a t i o n s .  
Line-of-s ight  analyses  have been performed extensively a t  Cornel1 
Aeronaut ical   Laboratory,   Inc.   in   connect ion  with  problems  in  a i r  defense.  For 
example, i f  an a i r  defense s i t e  i s  l o c a t e d  a t  a c e r t a i n  p o i n t  on a map, t h e  
p o i n t s  v i s i b l e  or n o t  v i s i b l e  from t h a t  s i t e  can b e  mapped i n  much t h e  same 
way as t h e  a r e a s  o f  (h or No-Go are mapped f o r  a v e h i c l e .  I t  is  important   to  
no te  the  impor t an t  d i s t i nc t ion ,  however ,  t ha t  t he  masked  and  non-masked a reas  
re la te  o n l y  t o  a f i x e d  p o i n t  o f  o b s e r v a t i o n .  I f  t h e  o b s e r v a t i o n  p o i n t  i s  moved 
t o  a new l o c a t i o n ,  a comple t e ly  d i f f e ren t  map evolves .  
The  problem of  landmark v i s i b i l i t y ,  a s  p r e s e n t e d  i n  map form, is 
more o r  less t h e  i n v e r s e  o f  t h e  t y p e  o f  l i n e - o f - s i g h t  a n a l y s i s  r e q u i r e d  i n  
p rob lems   o f   a i r   de fense .   In   t ha t   app l i ca t ion ,   t he   v i ewing   po in t  P i s  f ixed,   and 
the   po in t   observed ,  cal l  it Q ,  i s  va r i ab le .   In   t he  case o f  landmark v i s i b i l i t y ,  
t h e  p o i n t  t o  b e  o b s e r v e d  is f i x e d ,  and the  viewing  point  is va r i ab le .  S ince  
l ine-of -s ight  f rom P t o  Q imp l i e s  l i ne -o f - s igh t  from Q t o  P ,  however, it is  a 
s t r a i g h t f o r w a r d  matter t o  develop a map which s e p a r a t e s  a l l  possible  viewing 
p o i n t s   i n t o  two c a t e g o r i e s ,  SEE and NO-SEE (or, "unmasked"  and  "masked"). For 
a g iven  landmark ,  therefore ,  the  resu l t ing  map t a k e s  a form completely analogous 
t o  a Go/No-Go t r a f f i c a b i l i t y  map. 
Figure 2 i s  a schematic of t h e  p r o c e d u r e  u s e d  t o  g e n e r a t e  v i s i b i l i t y  
maps. Here t e r r a i n  e l e v a t i o n s  are t h e  o n l y  l u n a r  f e a t u r e s  t o  b e  c o n s i d e r e d .  
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FIGURE 2 
SQ-IEMATIC FOR THE  COMPUTER GENERATION OF V I S I R I L I T Y  MAPS 
The e l e v a t i o n s  are t aken  from a contour  map of t h e  l u n a r  s u r f a c e  a n d ,  a f t e r  
b e i n g  d i g i t i z e d ,  are smoothed t o  e l i m i n a t e  d i s c o n t i n u i t i e s  r e s u l t i n g  f r o m  t h e  
d i s c r e t e n e s s  o f  t h e  d i g i t i z a t i o n .  A selected  landmark i s  a l s o  d i g i t i z e d  a n d ,  
by  appropr i a t e  da t a  p rep rocess ing ,  desc r ibed  in  terms s u i t a b l e  f o r  d a t a  p r o -  
cessing by the computer  model .  Par t  of t h i s  p r e p r o c e s s i n g  i n v o l v e s  a "truncation" 
o f  t h e  landmark f e a t u r e  a t  some level   below i ts  uppermost   e levat ion.  Such 
t runca t ion  a s su res  tha t  t he  l andmark  will n o t  o n l y  b e  s e e n  b u t  t h a t  a s u f f i c i e n t  
e x t e n t  o f  it w i l l  b e  v i s i b l e  t o  make i ts  i d e n t i f i c a t i o n  p o s s i b l e .  
I f  landmarks are t o  b e  u s e d  t o  assist i n  l o c a t i n g  p o s i t i o n  o n  t h e  
moon's s u r f a c e ,  it is d e s i r a b l e  t o  b e  a b l e  t o  i d e n t i f y  more than one landmark. 
I f  t h r e e  o r  more landmarks are v i s i b l e ,  t h e y  c o n s t i t u t e  i n  e s s e n c e  a coord ina te  
sys tem to  which  the  v iewing  poin t  can  be  re fer red .  Therefore  it was cons idered  
p o s s i b l e  t o  d e v e l o p ,  f o r  t h e  si tes o f  i n t e r e s t ,  maps which designate  the areas  
wherein a l l  t h r e e  ( o r  more)  landmarks are v i s i b l e .  
Consider  three  landmarks A ,  B ,  and C.  For  landmark A ,  one can develop 
a SEE/NO-SEE map as shown schemat i ca l ly  in  F igu re  3-A. To produce  such a map, 
i t  i s  n e c e s s a r y  o n l y  t o  l a y  o u t  a g r i d  and t o  examine each gr id  point  to  
determine if l i n e - o f - s i g h t  exists from t h e  g r i d  p o i n t  t o  t h e  landmark. I f  
l i ne -o f - s igh t ' ex i s t s ,   t he   co r re spond ing   g r id   squa re  is  lef t  b lank .  I f  l i n e - o f -  
s igh t  does  not  exis t ,  the  cor responding  gr id  square  i s  f i l l e d  by t h e  symbol A. 
Simi la r ly ,  one  can develop, independently,  a SEE/NO-SEE map for landmarks B and 
C,  as shown i n  Figure 3-B and 3 - C .  To o b t a i n  a map showing  those  areas  i n  which 
"a l l  three  landmarks are s i m u l t a n e o u s l y   v i s i b l e ,  it i s  n e c e s s a r y   o n l y   t o   i n t e r -  
- sect o r   o v e r l a y   t h e   t h r e e  maps, as shown in   t he   compos i t e  map, F igure  3-D. 
The r e s u l t i n g  clear areas are t h o s e  areas within which a l l  three landmarks are 
v i s i b l e .  Areas occupied by A ,  B o r  C o r  any  combination  thereof do - n o t   s a t i s f y  
t h e  c r i t e r i o n  o f  s i m u l t a n e o u s  v i s i b i l i t y  o f  a l l  three landmarks (although they 
might  allow v i s i b i l i t y  of one o r  two of the landmarks) .  The overlaying process  
can be executed by means o f  t r a n s p a r e n c i e s  o r  i n  t h e  c o m p u t e r  b y  t h e  p r o c e s s  o f  
l o g i c a l  i n t e r s e c t i o n .  As is  e v i d e n t ,  t h e  c h o i c e  o f  symbology i s  n o t  l i m i t e d  t o  
let ters such as A ,  B ,  C; va r ious  types  o f  shad ing  o r  c ros s -ha tch ing ,  as well as 
d i f f e r e n t  c o l o r s ,  can b e  employed.  Also, it is  e v i d e n t  t h a t  t h e  number o f  maps 
i n t e r s e c t e d  i s  not  l imited.  Conceptual ly ,  any number o f  landmarks  could  be 
examined and a composite map developed. 
"- " 
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I t  is s e l f - e v i d e n t  t h a t  l a n d m a r k s  s h o u l d  b e  c h o s e n  i n  s u c h  a way t h a t  
they  are v i s i b l e  over a l a r g e  p e r c e n t a g e  o f  t h e  area. I d e a l l y ,  it would be 
d e s i r a b l e  t o  h a v e  a l l  o f  t he  l andmarks  v i s ib l e  f r o m  eve rywhere  in  the  area of 
ope ra t ion .  If  such were t h e  case, t h e  landmark v i s i b i l i t y  map would  degenerate 
t o  t h e  t r i v i a l  case i n  which a l l  of t h e  area is free of n o n v i s i b i l i t y  
symbols. I t  s h o u l d  a l s o  b e  b o r n e  i n  mind t h a t  o n e  o f  t h e  b e s t  c h o i c e s  of a land- 
mark is t h e  l u n a r  module  and t h a t  i f  t h i s  landmark were everywhere  v is ib le ,  
t h e r e  would b e  l i t t l e  need for  other  landmarks except  as supplementary 
p o i n t s  o f  r e f e r e n c e  f o r  added p r o t e c t i o n .  
1.3 Graphic  Representation of the  Horizon 
I f  l i n e - o f - s i g h t  were t h e  most impor t an t  cons ide ra t ion  in  a l u n a r  
mis s ion ,  t he  luna r  module could possibly be landed in  a  locat ion where it could 
be seen from nea r ly  anywhere i n  t h e  s t u d y  area. However, for a number o f  r easons  
such a cho ice  o f  l and ing  s i t e  would  seldom, if ever ,  be  poss ib le .  Therefore ,  
landmarks on the  hor izon  as well as those  wi th in  the  s tudy  area were considered 
po ten t i a l ly  use fu l  t o  the  a s t ronau t s  i n  o r i en t ing  themse lves .  The horizon as 
seen from th,e cen te r  o f  Copern icus  cou ld  be  as f a r  as 50 km. away, ye t  p rov ide  
d i s t inc t  l andmarks .  Accord ing ly ,  pa r t  of t h e  e f f o r t  u n d e r  t h i s  program w a s  
aimed a t  e x p l o r i n R  t h e  e x t e n t  t o  which the  ho r i zon  might be  use fu l  a s  a p o s i t i o n  
re ference  on t h e  l u n a r  s u r f a c e .  
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2. INPUT CONSIDERATIONS 
To eva lua te  the  deg ree  of match o r  mismatch between the Manned Lunar 
Rover and t h e  l u n a r  terrain requ i r e s  tha t  bo th  be  desc r ibed  in  term of parameters  
which a re  capab le  o f  be ing  compared i n  a meaningful way. A series of comparisons,  
o r  " tes t s"  can  then  be  made to  judge whether  t h e  veh ic l e  i s  o r  is not  compat ible  
w i t h  t h e  t e r r a i n  a t  a g iven  loca t ion .  
A t e r r a i n  c l a s s i f i c a t i o n  f o r  l u n a r  f e a t u r e s  w a s  previously developed 
under Contract NAS8-25110. (4) For purposes  of  the present  s tudy,  it was necessary 
t o  modify t h e  t e r r a i n  c l a s s i f i c a t i o n  t o  some extent  and to  inco rpora t e  some 
t e r r a i n  f e a t u r e s  which were n o t  r e q u i r e d  i n  t h e  e a r l i e r  work. F i r s t ,  Fra Mauro 
is a  more d ivers i f ied  te r ra in  than  Sinus  Medi i .  Second,  in  order  to  conduct a 
l ine-of -s ight  ana lys i s ,  cons iderable  emphas is  on s u r f a c e  e l e v a t i o n s  and t h e i r  
q u a n t i t a t i v e  r e p r e s e n t a t i o n  w a s  requi red .  
2.1 Lunar Terrain Inputs  
D i g i t i z a t i o n  of l u n a r  s u r f a c e  c h a r a c t e r i s t i c s  w a s  c a r r i e d  o u t  f o r  two 
spec i f i c  pu rposes :  (1) to produce computer drawn maps which  would a i d  i n  a s ses s -  
i n g  t r a f f i c a b i l i t y ,  and (2)  t o  produce maps s h o w i n g  t h e  v i s i b i l i t y  o f  s p e c i f i c  
landmarks from the lunar  landing s i te  and  from o t h e r  p o i n t s  on t h e  EVA rou te s .  
Source material made a v a i l a b l e  by the  sponsor  for  use  i n  the  s tudy  is 
l i s t e d  i n  T a b l e  I .  The a r e a  o f  t h e  moon,to be  examined  in  producing  t ra f f icabi l i ty  
and v i s i b i l i t y  maps i s  conta ined  in  the  Fra Mauro Contour Manuscript (5-meter 
con tour  in t e rva l ) .  The coord ina tes  of  the  approximate  center  of the  s tudy  a rea  
a r e  : 
3O 24'  South 
17' 20' West 
~ 
(4) W.F. Wood and G.M. Lewandowski, 9. - c i t .
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TARLE I 
SOURCE MATERIAL 
1. 
2. 
3. 
4.  
5. 
6 .  
7. 
a. 
9.  
Photo Base f o r  F r a  Mauro contour manuscript  ( 5  meter), Approx.scale 1:13,720 
l ( a )  t h r o u g h  l ( e )  are transparent overlays based on the above. 
l ( a ) .  Plate I Topographic map, 5 meter i n t e r v a l s  
l ( b )  Plate I1 Slope map 5 O  i n t e r v a l s  
l ( c )   P l a t e  I11 Preliminary geologic  map 
l ( d )  Plate IV Terrain c l a s s i f i c a t i o n  map (Theore t ica l  LRV t r ave r se  rou te )  
l ( e )  Plate V Topographic profiles and comparison of photoclinometric 
and photogrametr ic  reduct ion.  
Geologic map o f  t h e  F r a  Mauro l and ing  s i t e -Apo l lo  13 ,  scale 1:5000 by 
T.W.Offield, 1970; Base map prepared by USATPC f o r  NASA. 
Apollo 13, 1:SOOO. 
P re l imina ry  sec t ion  to  accompany Reologic map of t h e  F r a  Mauro landing  si te- 
Geologic map o f  p a r t  o f  t h e  Fra Mauro reg ion  o f  t h e  moon-Apollo 13, by T.W. 
Of f i e ld ,  1970 ,  s ca l e  1 :25,000. Rase map prepared by ACIC f o r  NASA. 
Geolopic map of t h e  Fra Plauro region o f  t h e  moon-Apollo 13, by R.E.Eagleton. 
Scale 1:250,000, 1970. Base map prepared by ACIC f o r  NASA. 
Fra Mauro Pre-mission scheduled E V A ' S ,  approx.  scale  1 :10,000. Prepared by 
Mapping Sciences Laboratory,  Science and Applicat ions Directorate  Manned 
Spacecraf t  Center ,  March 24, 1970. 
Traverse Map-Apollo 13, Fra Mauro s i t e ;  sca l e  1 :2 ,500  (an e n l a r g e d  o r b i t e r  
photograph annotated with EVA rou te  and sc i ence  s i tes ) .  
Lunar  topographic map. Fra Mauro.  (2nd  Ed.)  December  1969. Scale  1:250,000. 
Contour  in te rva l  200 m with supplementary contours a t  100 m i n t e r v a l s .  
ACIC,  lJSAF f o r  NASA 
Topographic Map ( v i c i n i t y  of  Fra Mauro) . Scale  1: 25,000,  contour  interval  25 
meters ,  February 1970.  Dept .  of  Inter ior ,  IJSGS, Center  of  Astrogeolorry, 
F lags ta f f ,  Ar izona .  
10.  Fra Mauro Lunar  topographic  photomap.  Scale  1:25,000,  contour  interval  10 
meters.  February  13,1970. Mapping Science Laboratory,  Science and 
Applicat ion Directorate  NASA  MSC. 
11. Lunar   Orbi te r  IV Photograph IV. 120 H3. NASA LRC vers ion .  Approx. scale   1:10,000 
12 .  Lunar  Orbiter,  Photograph 111, 133 H 2 ,  I11 133 H3,  NASA LRC vers ion .  Approx. 
13.  Lunar  Orbiter 111, IJSGS Rectified  photo  mosaic from LO I 1 1  H-133, s c a l e  1 : S O O O .  
s c a l e  1 :10,000. 
14. Lunar Photomap Fra Mauro, s c a l e  1 : 250,000. (1st  Ed. 1969) Prepared by ACIC 
f o r  NASA. 
15.  Apollo  Photographs. Ground views  howing  astronauts,  LEM, Surveyor,  and 
Panoramic views. 15  8"xlO" g l o s s y   p r i n t s .  
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Two g e n e r a l  c a t e g o r i e s  o f  l u n a r  surface c h a r a c t e r i s t i c  d a t a  were 
considered: 
1. To ta l   Su r face  Characteristics 
a. Lunar   su r f ace   e l eva t ions  
(Fra Mauro contour  manuscr ipt--  topographic  map-- 
5 meter c o n t o u r  i n t e r v a l )  
b .  Maximum gross slope 
(Fra Mauro con tour   manuscr ipt  - - Slope  map- - 
5 degree  s lope  in t e rva l s )  
c. Soi l   f i rmness  
(Geologic Map of the  Fra  Mauro Landing Site-- Apollo 13" 
Scale 1:5,000 by T.W.Offield 1970, and Moon River  I -F ina l  
Report,  Table  7) 
2. D e t a i l e d   S u r f a c e   C h a r a c t e r i s t i c s  
a. Crater information 
i) Diameters o f  craters havinp   d iameters   g rea te r   than  
50 meters (Geologic map of t h e  Fra Mauro landing  s i t e  - 
Apollo 13- Scale 1:5,000 by T.W. O f f i e l d  1970) 
i i )  Crater wall ang le   fo r  craters having   d iameters   g rea te r  
than 50 meters. (Geologic Map o f  t h e  Fra Mauro Landing 
Si te - -  Apol lo  13  - Scale 1:5,000, by T.W. Off ie ld  1970,  
and Moon River I - Final  Report,  Table  7) 
i i i )  C r a t e r  c o u n t s ,  5-20 meters in  diameter  and 20-50 meters 
in   d i ame te r .  (NASA-LRC Lunar  Orbiter-Mission 111, 
high resolut ion photographs)  
i v )  Age o f  small craters ( l e s s   t h a n  50 meters in   d iameter )  
b .  Dens i ty   o f   L inea l   Fea tures  
(Geologic Map o f  t h e  Fra Mauro Landing S i t e  - Apollo 13- 
S c a l e  1 :5,000, by T.W. O f f i e l d ,  1970) 
c. Block  Count (down t o   r e s o l u t i o n   s i z e )  
(NASA-LRC Lunar  Orbi ter  - Mission 111, h igh  r e so lu t ion  
photographs).  
A grid system having a f i f ty-meter  spacing and employing boundaries  
p a r a l l e l  t o  t h e  l a t i t u d e  and  longi tude  coord ina te  l ines  of  the  approximate  center  
o f  t h e  s t u d y  area was d e v i s e d  t o  a i d  i n  t h e  d a t a  c o l l e c t i o n .  T h i s  c o o r d i n a t e  
system covers most o f  t h e  mapped area and is  160 points by 260 p o i n t s  i n  g r i d - s q u a r e  
11 
dimensions.  Each  type of d a t a ,  w h e t h e r  p o i n t - c o l l e c t e d  d a t a  o r  a r e a - c o l l e c t e d  
d a t a ,  were g a t h e r e d  i n  an o rde r ly  f a sh ion  from t h e  l o c a t i o n s  o n  t h i s  g r i d  
sys  tem. 
2 .1 .1   To ta l   Su r face   Charac t e r i s t i c s  
a. Lunar   Surface  Elevat ion 
Lunar  sur face  e leva t ions  were read  a t  a l l  p o i n t s  on t h e  c o o r d i n a t e  
system.  The map used had a c o n t o u r  i n t e r v a l  o f  5 meters o v e r  most o f  t h e  area, 
wi th  the  excep t ion  o f  some s t e e p ,  i n n e r  crater walls which were contoured a t  25 
meters. Even though a few excep t ions  ex i s t ed ,  it w a s  dec ided  to  r ead  e l eva t ions  
t o  w i t h i n  5 meters. This  procedure necessi ta ted making an estimate o f  t h e  
e leva t ion  be tween contours  in  areas where t h e  c o n t o u r  i n t e r v a l  w a s  g r ea t e r  t han  
5 meters. I t  a l s o  c r e a t e d  t h e  p r o b l e m  o f  h a v i n g  t h e  same e l e v a t i o n  v a l u e  f o r  
g roups  o f  po in t s  i n  areas where contours were s p a c e d  r e l a t i v e l y  f a r  a p a r t .  
b .  Maximum Gross  SloDe 
Maximum gross  s lope  va lues  were read from the s lope map furn ished  by  
the  sponsor .   This  map i n d i c a t e d  a r ange  o f  s lope ,  i n  5' i n t e r v a l s , f o r  s p e c i f k  
a reas  wi th in  the  s tudy  r eg ion .  The maximum va lue  wi th in  the  r ange  o f  s lope  was 
c o l l e c t e d  a t  each  gr id  coord ina te .  
The i n t e r v a l s  and  codes  used were: 
Code 
1 
2 
3 
4 
Slope 
o o  - so 
s o  - l o o  
l o o  - 15O 
> zoo 
Sloped Used 
So 
l o o  
15O 
25 
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c. Soi l   Firmness  
The so i l  f i rmness  index  conta ins  informat ion  which  a t tempts  to  
d e s c r i b e  l u n a r  s u r f a c e  material i n  terms o f  a s o i l  s t r e n g t h  g r a d a t i o n  ( 1  t h r o u g h  
6, wi th  1 b e i n g  t h e  firmest). A su rvey  ca r r i ed  ou t  on Moon River 1 under Contract 
NAS8-25110 provided a r e l a t i v e  c l a s s i f i c a t i o n  o f  s o i l  f i r m n e s s  f o r  t h e  C o p e r n i c a n  
System,  Eratosthenian  System,  and  background mare su r face  f ea tu res .  Th i s  same s o i l  
firmness  index (Wood and  Lewandowski, 9 . c i t .  -, pp. 34-36) is used  here.  Ilowever,the 
Fra Mauro area con ta ins  some s u r f a c e  f e a t u r e s  of the  Imbrian  System. A l i t e r a t u r e  
s e a r c h  i n  terms of soi l  s t r eng th  dea l ing  wi th  th i s  sys t em has  no t  been  made under 
the  p re sen t  s tudy ;  hence ,  a r e l a t i v e  v a l u e  o f  s o i l  f i r m n e s s ,  a s  u s e d  on Moon River I ,  
was n o t  t o  b e  h a d  f o r  areas c lass i f ied  in  the  Imbr ian  Sys tem.  The lack o f  a r e l a t i v e  
v a l u e  o f  soil  firmness i s  ev idenced  by  the  en t rance  of  l r O ' ~ "  in  the extended form 
of   the  soi l   f i rmness   index  ment ioned  above.  When information  about   soi l   f i rmness  
o f  t he  Imbr i an  sys t em c l a s s i f i ca t ion  types  becomes a v a i l a b l e ,  a va lue  i n  t h e  s c a l e  
from 1 t o  6 can then  be  assigned. Whenever it became n e c e s s a r y  t o  c o n s i d e r  t h e  
Imbrian areas  in  the present  s tudy,  however ,  as  i n  the  lunar  mobi l i ty  model ,  the  
v a l u e  o f  2 was assigned as a reasonably conservat ive estimate o f  s o i l  s t r e n g t h .  
Although the Imbrian System areas of F r a  Mauro resemble the background mare material 
of Sinus Fledii ,  which was a s s i g n e d  t h e  f i r m e s t  s o i l  c l a s s i f i c a t i o n ,  a more con- 
s e r v a t i v e  v a l u e  w a s  c o n s i d e r e d  a p p r o p r i a t e  f o r  t h i s  m o b i l i t y  s t u d y .  
2.1.2 Detailed - S u r f a c e   C h a r a c t e r i s t i c s  
a .   Cra te r   Informat ion  
i) Diameter o f  craters havinR  diameters  greater  than 50 meters. 
A diameter code, explained below, w a s  a s s igned  to  those  g r id  
s q u a r e s  f a l l i n g  w i t h i n  a crater having a diameter  Rreater  than 50 meters. 
" 
Code 
0 
1 
2 
3 
4 
5 
6 
7 
8 
Crater Diameter (Meters) 
0 - 50 
51 - 100 
101 - 150 
151 - 200 
201 - 250 
251 Y 300 
301 - 350 
351 - 400 
>4 01 
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ii) Crater wall angle  fo r  craters having diameters  ereater than 
50 meters 
The codes used fo r  crater wall ang le  are shown below and are t h e  
same as used on Moon River  I under  Contract  NAS8-25110  (Wood and  Lewandowski, 
2 . c i t . ,  p .  17) 
Code Slope 
no craters o r  craters less than  50 meters 
less than 2 O  
2' - 4' i n c l u s i v e  
So - 6 O  i n c l u s i v e  
7 O  - 8' i n c l u s i v e  
go - l o o  i n c l u s i v e  
11' - 1 2 O  i n c l u s i v e  
13' -14O i n c l u s i v e  
ove r  14' 
Additional information i s  found in  Table 1 1 .  
iii) Cra ter  counts  - 5 t o  20 meters i n  diameter,  and 20 t o  50 meters 
i n  d i a m e t e r  
The crater  c0untin.p procedures used t o  s a t i s f y  t h e  WNRE t r a f f i c -  
a b i l i t y  model are somewhat d i f f e ren t  t han  those  used  on Moon River  I. I n  t h a t  
s tudy ,  a l l  craters wi th in  a s i ze  class were counted.  llowever,  computer-tabulated, 
c ra te r -avoidance  No-Go c o n d i t i o n s  i n d i c a t e d  t h a t  o n l y  a few combinations of 
numbers of small  and large craters would  ser ious ly  affect  mob i l i t y .  
The following code, based on the No-Ca cond i t ions  o f  crater  
avoidance, w a s  developed and used. 
No. of Craters of 
t h e  S i z e  5-20 meters 
0 
i l  
0 
>1 
0 
>1 
210 
0 
>1 
No. o f  Craters of 
t h e  S i z e  20-50 meters 
0 
0 
1 
Code 
1 
14 
TABLE 11 
CODES  USED FOR SLOPES OF CRATERS GREATER THAN 50 METERS DIAMETER, 
SOIL  FIRMJESS, AND AGE OF CRATERS  LESS THAN 50 METERS I N  DIANETER. 
_ _ ~  ..  .. . . .  
Map Designation  Slo e Soi 1 Age - -
Cc6 7 5 1 
6 7 5 1 
ccs 7 5 1 
5 6 5 1 
cc4 5 4 2 
4 3 2 2 
cc3 3 2 2 
3 3 2 2 
cc2 3 2 3 
2 2 2 3 
Ccl 2 2 4 
1 2 2 4 
C cd 3 6 4 
E &  2 2 4 
E c i  2 2 4 
Ecci 2 2 4 
E cc 2 1 4 
Ec 2 1 4 
Is O* 0 4 
I fr O* 0 4 
I fh  O* 0 4 
I C  O* 0 4 
Slump O* 5 - 
* 
Use maximum gross slope classes  
15 
i v )  Age of Small Craters 
The age of small craters w a s  a s s i g n e d  i n  t h e  f o l l o w i n g  
manner. 
Code Explanation 
1 
2 
3 
4 
Fresh 
Young 
Mature 
01 d 
The above  age  c l a s s i f i ca t ion  w a s  implemented on Moon River I 
by WNRE,  Inc .  The c l a s s i f i c a t i o n  on Moon River I 1  was n o t  o n l y  a p p l i e d  t o  
craters less than 50 meters i n  d i a m e t e r ,  b u t  a l s o ,  t o  t h o s e  craters g r e a t e r  t h a n  
50 meters. The d i s t ingu i sh ing  f ea tu re  be tween  g rea t e r  t han  and  less than 50 
meter craters i s  t h a t  t h o s e  craters of less than  50 meters w i l l  no t  have  a s l o p e  
and s o i l  class a s soc ia t ed  wi th  them. Addit ional   information  can  be  found  in  
Table 11. 
b.   Densi ty   of  Lineal   Features  
The r a t i o n a l e  f o r  e n c o d i n g  l i n e a l  f e a t u r e s  was t h a t  i f  t h e  l i n e ,  r e p r e s e n t  
i n g  l i n e a l  f e a t u r e s  p r e s e n t  on the  geo log ic  map, extended more t h a n  h a l f  way ac ross  
(North/South and/or East/West) a s p e c i f i c  g r i d  s q u a r e ,  t h a t  g r i d  s q u a r e  would b e  
encoded as p r e s e n t i n g  a c h a l l e n g e  t o  m o b i l i t y .  The codes  used were: 
Code Explanation 
0 I f  no l i n e a l   f t u r e s   p e n t  
2 I f  1 i n e a l  f e a t u r e s  are present which would 
create a cha l lenge .  
c. Block  Count 
The block count  s imply consis ted o f  t h e  number of b locks ,  down t o  
r e s o l u t i o n  size, t h a t  were p r e s e n t  w i t h i n  any g r id  squa re .  
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2.2 Vehicle I n p t s  
In  add i t ion  to  t e r r a i n  i n p u t s ,  as a b s t r a c t e d  f r o m  maps and photographs, 
it w a s  necessary  t o  q u a n t i f y  t h e  c h a r a c t e r i s t i c s  of a t y p i c a l  Manned Lunar Rovin 
Vehicle so t h a t  i t s  dimensions and performance c h a r a c t e r i s t i c s  c o u l d  b e  
compared  with t e r r a i n  demands.  Relevant  vehicle parameters are t a b u l a t e d  i n  
Table 111, 
TABLE 111 
LWAR VEHICLE DATA FOR LOCOMOTION  ANALYSIS 
Overa l l   l ength   122   in .  
Overall  width  77 i n  
Wheel d iameter  32 i n  
Wheel b a s e   ( c e n t e r   o f  axle t o  center of ax le)  90 i n  
Wheel wid th (cen te r  of wheel t o  center of wheel) 72 i n  
Tread 9 i n  
Clearance at fu l l   pay load  14 i n  
S t e p   o b s t a c l e   c a p a b i l i t y  30 cm a t  /cL = 0.6* 
Crev ice   capab i l i t y  70 cm a t p  = 0.6 
Minimum tu rn ing   ad ius   122   i n  
Angle of approach 35 deg 
Angle o f  d e p a r t u r e  90 deg 
Slope  capabi l i ty  (hard  ground)  25 deg 
Wheel s p r i n g  r a t e ,  f r o n t  32 l b / i n .  
Net v e h i c l e  mass 46; lbm 
Gross  vehicle  mass 1370 lbm 
Weight d i s t r i b u t i o n  45% f r o n t ,  
Front Suspension Spring Rate 14 l b s / i n  
Rear Suspension Spring Rate 14  lb s / in  
a1 1 wheels : 500 l b s / i n  
wall t o  wall ( f r o n t  and r e a r  Ackermann) 
Rear 32 l b / i n  
55% rear (nominal CG) 
(0-9 i n )  
(0-9 i n )  
(0-9 in) 
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Table I11 (Cont.) 
Vehicle can climb a 25' s lope  (hard  sur face  F11.6)  
Power source:  2 i ndependen t   s i l ve r   z inc   ba t t e r i e s   p rov ide  8712 wat t -hrs .  
These  ba t te r ies  can  be  d ischarged  t o  90% c a p a b i l i t y  
before  recharge.  The power is a l l o c a t e d  a t  7,112 watt-hrs.  
fo r  mob i l i t y  and 1600 watt-hrs as a use fu l  power s o u r c e  f o r  
o t h e r  items as  TV camera, communication, etc. if t h e i r  own 
s e p a r a t e  power sources should f a i l .  
Maximum continuous-duty wheel torque 78 f t - l b  a t  35 rpm wheel  speed 
Maximum wheel speed 118 r p m  a t  5 f t - l b  wheel torque 
Nominal CG 32" from  ground 
Suspended Mass 1274 l b s  
Wheel Mass 24 l b s  
Wheel Damping Rate 2 . 5  l b s / f t / s e c  
Vehic le  p i tch  moment o f  i n e r t i a  283.65  slug- f t  
Wteel r o t a t i o n a l  moment o f  i n e r t i a  2 . 2  s lug-  f t  
Ver t ica l  damping rate 17 .3  lbs -sec  / f t  
2 
Horizont a1 suspension rate 51,000 l b s / f t  
Horizontal   suspension damping r a t e  2420 l b / f t / s e c  
2 
2 
~. ~ 
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3. EVALUATION MIDEL CONSIDERATIONS 
Aside f r o m  t he  accu racy  of l u n a r  t e r r a i n  i n p u t  d a t a ,  t h e  most import- 
a n t  c o n s i d e r a t i o n  i n  t h e  p r e p a r a t i o n  o f  t r a f f i c a b i l i t y  a n d  v i s i b i l i t y  maps is 
t h e  v a l i d i t y  o f  t h e  m a t h e m a t i c a l  models  employed. In  the  fo l lowing  two s e c t i o n s ,  
gene ra l  desc r ip t ions  of t h e  t r a f f i c a b i l i t y  and masking models are presented .  
More de ta i led  informat ion  is given in Appendix I and  Appendix 11. 
3.1 T r a f f i c a b i l i t v  Model 
The b a s i c  v e h i c l e - t e r r a i n  i n t e r a c t i o n  model for t r a f f i c a b i l i t y  was 
developed  by WNRE, Inc .   D ig i t i zed  map information,  in which  each  50-meter 
s q u a r e  i n  t h e  area is ass igned  codes  denot ing  vehic le  cha l lenges ,  i s  provided 
from s e v e r a l  map sources .   These  sources   are   converged,  so tha t   w i th   each   g r id  
squa re  the re  is as soc ia t ed  a v e c t o r  or c o l l e c t i o n  o f  code values which completely 
d e f i n e  t h a t  p o r t i o n  o f  t h e  t e r r a i n  as far as i t s  r e l e v a n c e  t o  t h e  v e h i c l e  model 
i s  concerned.  In a g iven  r eg ion  o f  t e r r a in ,  t he  number o f  d i s t i n c t  p o s s i b i l i t i e s  
is  l i m i t e d  and is  u s u a l l y  much smaller than  the  number o f  g r i d  s q u a r e s .  Each 
d i s t i n c t   c o l l e c t i o n   o f   c o d e   v a l u e s  i s  c a l l e d  a _I u n i t  t e r r a i n  and r ep resen t s  a 
s p e c i f i c  c h a l l e n g e  t o  t h e  v e h i c l e .  
Each u n i t  t e r r a i n  can  be  eva lua ted  for  i t s  c o m p a t i b i l i t y  w i t h  t h e  
veh ic l e  i ndependen t ly  o f  where  tha t  un i t  t e r r a in  occur s  on t h e  l u n a r  s u r f a c e .  
The  outcome o f  t h i s  e v a l u a t i o n  is  tha t  t he  un i t  t e r r a in  codes  a re  t r ans fo rmed  
i n t o  a t r a f f i cab i l i t y   pe r fo rmance   code ,  as shown i n  Figure 4 .  This  code  denotes 
one   o f   four  s ta tes :  Go, No-Go, Troublesome,  and  Very  Dangerous. The Go category 
is assigned when t h e  u n i t  t e r r a i n  i s  s u c h  t h a t  no f e a t u r e  o f  t h e  t e r r a i n  i s  
s e r i o u s  enough t o  p r e v e n t  n e g o t i a t i o n  o f  t h e  area invo lved .  In  the  even t  o f  
(5) W.C. Crenke and C .  J.  N u t t a l l ,  Jr. , z. e. 
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FIGURE 4 
PROCESSING OF UNIT  ERRAINS 
No-Go, o b s t a c l e s  o r  t e r r a i n  f e a t u r e s  a r e  p r e s e n t  which  would  immobilize the  
vehic le .  The o t h e r  two ca t egor i e s   a r e   cond i t iona l  Ca condi t ions .  I n  t h e  t roub le -  
some category,  it might be necessary to back up and make a second try a t  t h e  
t e r r a i n ,  b u t  it is presumed tha t  t he  veh ic l e  cou ld  be  r ecove red .  In  the  case  
o f  t h e  Very  Dangerous category, however,  there i s  apprec iab le  r i s k  t h a t  t h e  
veh ic l e  might be stopped under conditions from which it would be impossible to 
recover  for  a  second t ry .  
The processing of u n i t  t e r r a i n s  is  accomplished by subject ing each to  a  
s e r i e s  of " t e s t s " ,  as l i s t e d  i n  Table I V .  
TABLE IV. 
PERFORMANCE TESTS O F  VEHICLE-TERRAIN  COMPATIBILITY 
- Tes t   Fa i lu re  Mode 
A Dens i ty   o f   l i nea l   f ea tu r s  
B Mean spacing o f  resolvable   blocks ( 2 2m) 
C Mean spacing of al l   nonnegot iable   blocks 
D Mean spacing  of   20-50  meter   cra s  
E Mean spacinp  of   5-20  meter  crat rs  
F Approach i n t e r f e r e n c e  
G Departure   Interference 
H Belly  c learance 
J P i t c h  s t a b i l i t y  
K R o l l   s t a b i l i t y
L Net t r a c t i o n  
FI Available   torque 
I Jo in t   Clearance  
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Details of t h e s e  tests are given  by  Grenke  and  Nuttall ( 2 . c i t . )  -
and will no t  be repea ted  here .*  A t y p i c a l  example will s u f f i c e  t o  i l lustrate 
the  implementation of t h e  scheme.  For  example, i n  T e s t  K, R o l l  S t a b i l i t y ,  
f a i l u r e  o c c u r s  i f  t h e  t e r r a i n  s l o p e  is s u c h  t h a t  it exceeds the maximum which 
could be t o l e r a t e d   w i t h o u t   t h e   v e h i c l e   o v e r t u r n i n g .   Q u i t e   c l e a r l y ,  " a l l  applicable 
tests m u s t  be  passed  i f  t h e  v e h i c l e  is t o  o p e r a t e  s u c c e s s f u l l y  i n  a g r i d  s q u a r e  
t o  w h i c h  t h e  p a r t i c u l a r  u n i t  t e r r a i n  applies,  
Once a performance code has been assigned to  each of t h e  u n i t  t e r r a i n s ,  
these codes must b e  d i s t r i b u t e d  i n  t h e  p l a n e  o f  t h e  map in  one- to-one  cor res -  
pondence  with  the  occurrence o f  t h e  u n i t  t e r r a i n s  i n  t h e  g r i d  s q u a r e s .  T h i s  
p l o t t i n g  o p e r a t i o n  is  accomplished by subst i tut ing the appl icable  performance 
code for  each  uni t  t e r ra in  code ,  wherever  tha t  code  occurs  in  the  d ig i t ized  
a r r a y  o f  g r i d  s q u a r e s .  
Fu r the r  i n fo rma t ion  can  be  p rov ided  in  the  t r a f f i cab i l i t y  map by 
a s s i g n i n g  t o  e a c h  u n i t  t e r r a i n  a measure o f  t h e  e n e r g y  r e q u i r e d  t o  n e R o t i a t e  
one  k i lometer  of  pa th  length .  Again ,  the  ra t iona le  for  th i s  ca lcu la t ion  is 
a v a i l a b l e   i n   t h e  work o f  Grenke and N u t t a l l  ( 2 . c i t ) .  - I f  a l l  Go/No-Ca tests 
were successfully completed, the energy consumption can be computed and can be 
thresholded   in to   in te rva ls .   For   example ,   one   un i t   t e r ra in   might   be   c lassed   in  
t h e  i n t e r v a l  50-99 watt-hrs/kM, whereas another unit  terrain might be classed in 
t h e  i n t e r v a l  100-149  watt-hrs/kM. By assiming a d i sc re t e  code  t o  t h e  intervals ,  
a map can be  p re sen ted  which s u b c l a s s i f i e s  a l l  Ca areas in to  ca t egor i e s  deno t ing  
d i f f e r i n g  l e v e l s  of energy  consumption.  Another  possibil i ty,   and  one  used 
e x t e n s i v e l y  i n  t h i s  r e p o r t ,  is  to  p re sen t  ene rgy  codes  fo r  a l l  map areas which 
are uncondi t iona l  Go, b u t ,  i n  t h e  case of Troublesome o r  Very  Dangerous areas, 
to  ove r r ide  the  ene rgy  codes  by  the  app l i cab le  t r a f f i cab i l i t y  codes .  
F o r  f u r t h e r  d e t a i l  on the  ana lys i s  of  energy  expended in  t ravers inE 
t h e  l u n a r  t e r r a i n ,  refer t o  Appendix 1 1 1 .  
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3.2 V i s i b i l i t y  Model. 
P o i n t - t o - p o i n t  v i s i b i l i t y  on t h e  l u n a r  s u r f a c e  w a s  analyzed by means 
o f  a computer model c a l l e d  ASTERISK. I n  effect ,  t h e  model performs a "search" 
from a s e l e c t e d  o b s e r v a t i o n  p o i n t  t o  e v e r y  o t h e r  g r i d  p o i n t  i n  t h e  p l a n e .  
For example,  consider Figure 5. 
0 0 . 0 0 0 0  
0 0 0 0 0 0  
FIGURE 5 
LINE-OF-SIQIT "SEARCH" PROCEDURE 
Here P is  t h e   o b s e r v a t i o n   p o i n t   a n d   t h e   s p e c i f i c   p o i n t   b e i n g   i n t e r r o g a t e d   f o r  
v i s i b i l i t y  is t h e  p o i n t  Q.  I'f  any e l e v a t i o n  alonR PQ i s  h igh  enough t o  i n t e r r u p t  
t h e  l i n e  o f  s i g h t ,  t h e n  t h e  p o i n t  Q is s a i d  to  b e  "masked" by  in te rvening  te r ra in .  
S ince  e l eva t iohs  are t abu la t ed  on ly  a t  t h e  g r i d  p o i n t s ,  i t  is  o f t e n  n e c e s s a r y  t o  
i n t e r p o l a t e  e l e v a t i o n s  a l o n g  t h e  s i g h t i n g  p a t h .  
The computer output takes t h e  form o f  an a r r a y  o f  asterisks and blank 
spaces .  One or t h e  o t h e r  of these  symbols i s  a s s igned  to  each  g r id  squa re  in  
t h e  d i g i t i z e d  a r r a y .  Asterisks deno te  tha t  a g iven  po in t  i n  the  a r r ay  i s  masked 
from  view  from t h e  o b s e r v a t i o n  p o i n t ;  a b l a n k  d e n o t e s  t h a t  v i s i b i l i t y  e x i s t s .  
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4.  OWPUT CONSIDERATIONS 
In  a l l  cases i n  which a computer model w a s  used to  develop map i n f o r -  
m a t i o n ,  t h e  o u t p u t  o f  t h e  model took the form o f  a computer  pr in t -out  cons is t ing  
o f  an a r r a y  o f  symbols.  These  symbols were t r a f f i c a b i l i t y  codes  and  energy- 
consumpt ion  l eve l s  i n  the  case of t h e  t r a f f i c a b i l i t y  model. I n  t h e  case of 
t h e  v i s i b i l i t y  model, the symbols denoted masked or unmasked areas. 
For maximum ease o f  i n t e r p r e t a t i o n ,  it w a s  found advantageous t o  hand 
ske tch  the  compute r  p r in t -ou t  i n  o rde r  t o  effect three important improvements. 
First, t h e  raw d a t a  p r i n t - o u t  i s  d is tor ted  in  d imens ions ,  because  
the space between l ines  of p r i n t  is  greater  than the dis tance between symbols  
wi th in  a l i n e .  By in t roduc ing   appropr i a t e  scale changes   in   the   ske tch ing  
p r o c e s s ,  t h i s  d i s t o r t i o n  c a n  b e  e l i m i n a t e d .  
Second,  the computer  pr int-out ,  a lbei t  meaningful ,  is  s t i l l  only an 
array of  synbols  and hardly resembles  the maps t o  which one is  accustomed. 
Sketching can be thought of as an " inverse  d ig i t iza t ion"  which  t ransforms a 
d ig i t a l  a r r ay  back  in to  the  con t inuous  form c h a r a c t e r i z i n g  t h e  u s u a l  c a r t o g r a p h i c  
product.  
F i n a l l y ,  a c e r t a i n  amount o f  e d i t i n g  and geographic judgment is  o f t e n  
i n  o r d e r  i n  t h e  i n t e r p r e t a t i o n  o f  a computer-generated map. In  t r ans fo rming  
the  computer  pr in t -out  in to  the  more conventional map form, the  car tographer  can  
over r ide  minor  d iscrepancies  or can introduce the degree of  geographic  general-  
i za t ion  appropr ia te  to  the  problem under  s tudy .  Thus t he  p roduc t ion  of t h e  f i n a l  
t r a f f i c a b i l i t y  or v i s i b i l i t y  map can be regarded as a "computer-aided" process 
r a t h e r  t h a n  as a fu l ly  au tomated  one .  In  pa r t i cu la r ,  many q u e s t i o n s  o f  map 
d e s i g n  c a n  b e  r e s o l v e d  i n  t h i s  way, and maps can be produced having a more n e a r l y  
maximum appea l  f rom the  s tandpoin t  of  ease o f  r ead ing  and  in t e rp re t a t ion .  In 
t h e  work performed under this program, it w a s  found t h a t  t r a n s p a r e n t  o v e r l a y s  
produced from the computer printouts were p a r t i c u l a r l y  u s e f u l .  When plaoed 
ove r  t he  appropr i a t e  base  map, t h e  c o n s t r a i n t s  o f  t h e  t e r r a i n  on t r a f f i c a b i l i t y  
and v i s i b i l i t y  c a n  b e  r e a d i l y  a p p r e c i a t e d ,  a n d  p o s i t i o n a l  r e f e r e n c e  c a n  b e  g r e a t l y  
aided. 
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5. RESULTS 
The r e s u l t s  o f  o u r  a n a l y s i s  and mapping of t h e  Fra Mauro s i t e  f a l l  
i n t o  t h r e e  g e n e r a l  c a t e g o r i e s :  ( 1 )  t r a f f i c a b i l i t y  mapping, (2) v i s i b i l i t y  
mapping,  and (3) hor i zon   r ep resen ta t ion .  
5 . 1   T r a f f i c a b i l i t y  Maps 
T r a f f i c a b i l i t y  maps were p repa red  fo r  a reg ion  on  the  moon's s u r f a c e  
having dimensions of approximately 3.5 kM by 4 kM. The area mapped is  i n d i c a t e d  
in  F igu re  6 i n  r e l a t i o n  t o  Cone Crater, T r i p l e t  Crater and  o the r  ev iden t  f ea tu re s  
o f  t h e  F r a  Flauro base  map. 
The computer  pr int-out  o f  t h e  t r a f f i c a b i l i t y  map is shown i n  Figure 
7 .  On t h i s  map, b l ank   spaces   deno te   un t r a f f i cah le  areas, T denotes   t rouble-  
some areas , and V denotes areas which are very  dangerous.   Except   for   areas  
occupied by question marks,  a l l  o the r  a reas  deno te  Go cond i t ions  bu t  a r e  occup ied  
by a numerical  code which indicates energy requirements per kilometer of path 
t r a v e r s e d .  The regions  occupied  by  quest ion marks i n d i c a t e  t h a t  i n  t h o s e  r e g i o n s  
some important item of  input  information was n o t  ava i lab le  and  tha t ,  consequent ly ,  
it was n o t  p o s s i b l e  t o  g e n e r a t e  t h e  a p p r o p r i a t e  t r a f f i c a b i l i t y  c o d e s .  Also,  i n  
a few i so la t ed  in s t ances ,  t he  r ange  o f  i npu t  da t a  appa ren t ly  exceeded  the  
appl icable  range  o f  tz r ra in  parameters  a l lowed by t h e  IVNRE, Inc. t r a c t i o n  model. 
Such i n s t a n c e s  o c c u r r e d  i n  o n l y  a few o f  t h e  u n i t  t e r r a i n s ,  and these te r ra in  
types   occur red   on ly   very   ra re ly .   Moreover ,   these   t e r ra in   types  were u s u a l l y  
very severe and would  normal ly  be  re jec ted  on  o ther  bases .  
F igure  8 (p .  27) i s  the  GO/NO-GO r e fe rence  map. F igure  8 (p.  27a) i s  wi th  
overlay superimposed showing rectified,  hand-sketched GO/NO-GO map. Two o ther  maps 
are shown with  overlays  superimposed (pp.  27b,  27c) as developments of two sepa ra t e  
ranges of energy consumption. Thus i f  one wishes to  observe how t r a f f i c a b i l i t y  area 
i s  r e s t r i c t e d  by energy demands, i n  a d d i t i o n  t o  t r a f f i c a b i l i t y  h a z a r d s ,  t h e s e  o v e r -  
layed maps can  be  used. By s u p e r i m p o s i n g  t h e  f i r s t  o v e r l a y  (p.  2 7 b ) ,  t h e  t r a f f i c a b l e  
area i s  r e s t r i c t e d  t o  t h a t  n o t  r e q u i r i n g  more than  149 watt-hr/kM of energy; by super-  
imposing  both  overlays (p.  2 7 c ) ,  t h e  t r a f f i c a b l e  area i s  r e s t r i c t e d  t o  t h a t  n o t  re- 
qu i r ing  more than 199  watt-hr/kM of energy. 
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Figure 6 AREA MAPPED FOR TRAFFICABILITY Z ? ~ . Z % % Y E : c m ,  
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Figure 7 COMPUTER PRINT-OUT OF TRAFFICABILITY MAP 
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FIGURE 8. GO/ NO-GO MAP (With Overlay) 
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5.2  V i s i b i l i t y  Maps 
V i s i b i l i t y  maps were prepared  for three  te r ra in  landmarks  and  for  the  
l u n a r  module l o c a t e d  a t  an assumed touch-down p o i n t .  
The  landmark v i s i b i l i t y  maps are shown as computer  pr in t -outs  in  
Figures 9, 10, and 11. In  connec t ion  wi th  these  maps, a word o f  exp lana t ion  is 
i n  o r d e r .  I n  p a r t i c u l a r ,  it w i l l  b e  n o t e d  t h a t  t h e  p r i n t - o u t s  c o n t a i n  n o t  o n l y  
asterisks and blank spaces  but  arrays of  zeros  and ones as well. The conf igur -  
a t i o n  o f  t h e  0 and 1 d i g i t s  d e l i n e a t e s  what we have  e l ec t ed  to  call  the "land- 
mark f e a t u r e "  o f  i n t e r e s t .  The conf igu ra t ion  of t h e  0 d i g i t s  d e l i n e a t e s  t h a t  
p a r t  o f  t h e  landmark feature which protrudes above a certain e l e v a t i o n  s e l e c t e d  
as a t runca t ion   p l ane .  By s i g h t i n g  a t  t h i s  e l e v a t i o n  and performing  the 
v i s i b i l i t y  a n a l y s i s  a c c o r d i n g l y ,  o n e  is a s s u r e d  t h a t  a l l  p a r t s  o f  t h e  landmark 
above t h e  t r u n c a t i o n  p l a n e  would b e  v i s i b l e .  I n  p r a c t i c e ,  t h e  e l e v a t i o n  of 
the  t runca t ion  p lane  should  be  chosen  so t h a t  a s u f f i c i e n t  amount o f  t he  l and-  
mark f e a t u r e  is  v i s i b l e  t o  f ac i l i t a t e  recogni t ion   o f   the   l andmark .  The 1 d i g i t s  
r ep resen t  par t  o f  t h e  s u r r o u n d i n g  t e r r a i n  which w a s  manually analyzed as a pre- 
p rocess ing  s t ep  p r io r  t o  compute r  ana lys i s  of  the  remain ing  te r ra in  sur rounding  
t h e  landmark  feature .  A 1 d i g i t   d e n o t e s   v i s i b i l i t y  and, on the   subsequent  
hand-sketched maps, areas occupied by the 1 code become unshaded  (unmasked) 
a reas .  
The  hand-sketched  maps  are  presented  with  the  transparencies  super- 
imposed on the  corresponding  base  map  in  Figure 12. Unshaded  areas on either 
of  the  maps  represent  positions from  which the  particular  landmark  should  be 
visible.  If  two of the  transparencies  are  employed  simultaneously,  unshaded 
areas  represent  positions  from  which  both  landmarks  are  visible.  If  all  three 
transparencies  are  employed,  unshaded  areas  denote  positions  from  which  all 
three  landmarks  should  be  visible.  Shaded  areas  may  denote  that one, two  or 
all  three  landmarks  are  masked,  depending on which  of  the  overlays  produce 
the  shading. 
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Figure 9 COMPUTER PRINT-OUT OF VISIBILITY MAP 
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Figure 11 COMPUTER PRINT-PUT OF VISIBILITY MAP 
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I n  c h e c k i n g  o u t  t h e  v i s i b i l i t y  model, t h e  l u n a r  module was employed 
as a landmark i n  s e v e r a l  o c c a s i o n s .  O f  par t icu lar  i n t e r e s t  is Figure 13, 
a computer  pr int-out  of a v i s i b i l i t y  map f o r   t h e  module p o s i t i o n e d  a t  t h e  
presumed  touch-down p o i n t  on t h e  moon. This  map, as hand-sketched, is shown 
in  F i g u r e  14 as a supe r imposed  ove r l ay  on t h e  a p p r o p r i a t e  b a s e  m a p . , T h e  s i g h t i n g  
p o i n t  f o r  t h e  module is chosen as 7 meters above the  g round ,  t hus  a s su r ing  tha t  
an a p p r e c i a b l e  p a r t  o f  t h e  module  would b e  v i s i b l e .  The coverage  of  the  map is 
s u f f i c i e n t  t o  i n c l u d e  t h e  EVA t raverses  p lanned  for  the  Apol lo  14  miss ion .  
As shown i n  Appendix 11, it w a s  a v i s i b i l i t y  map o f  t h e  l u n a r  module 
t h a t  first c a l l e d  t o  o u r  a t t e n t i o n  t h e  n e e d  f o r  t e r r a i n  s m o o t h i n g .  T h i s  
smoothing w a s  necessary to  prevent  spurious masking by the " terraces"  produced 
as a r t i f a c t s  o f  t h e  d i R i t i z a t i o n  p r o c e s s .  
5.3 Horizon  Graphics 
In  v i sua l i z ing  the  ho r i zon  as viewed f r o m  a p a r t i c u l a r  p o i n t ,  o n e  
must  keep i n  mind t h a t  d i s t a n c e  t o  t h e  h o r i z o n  is  de termined  in  par t  by  the  
c u r v a t u r e  o f  t h e  moon and i n  p a r t  b y  t h e  e l e v a t i o n  of luna r  f ea tu res .  Fu r the r -  
more, t he  f ea tu res  wh ich  cons t i t u t e  t he  ho r i zon  appea r  at d i f f e ren t  r anges  from 
t h e  o b s e r v e r  as he  looks  in  va r ious  d i r ec t ions .  In  the  s tudy  unde r t aken  unde r  
t h i s  p r o j e c t ,  t h e  h o r i z o n  o f f e r e d  few f e a t u r e s  which would provide help in 
i d e n t i f i c a t i o n  o f  p o s i t i o n  on t h e  moon. For more ruFged t e r r a i n ,  however, it 
i s  expec ted  tha t  a p r o f i l e  o r  o t h e r  g r a p h i c  r e p r e s e n t i n g  t h e  h o r i z o n  would b e  
of cons iderable  naviga t iona l  use .  
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Figure 13 COMPUTER PRINT-OUT OF VISIBILITY MAP 
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VISIBILITY FROM FRA MAURO LANDING SITE x is the point at which  visibility is determined 
Figure 14 VlSlBlLITY MAP 
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6. CONCLUSIONS,  RECOMMENDATIONS AND PROSPECTUS 
Computer t e c h n i q u e s  f o r  g e n e r a t i n g  t r a f f i c a b i l i t y  a n d  v i s i b i l i t y  maps 
f o r  t h e  moon have been developed and successfully demonstrated on the Fra Mauro 
s i t e  of  the Apollo ,14 mission.  
D i f f i c u l t i e s  were encountered i n  converg ing  the  var ious  sources  of  
l una r  da t a  to  be  used  because  the  sys t em o f  coord ina te s  d id  no t  ag ree  f r o m  one  
map t o  t h e  o t h e r .  F o r  f i n a l  c o o r d i n a t i o n  o f  t h e  v a r i o u s  s o u r c e s  o f  d a t a ,  it 
was n e c e s s a r y  t o  r e f e r e n c e  t h e  o b s e r v a t i o n s  t o  r e c o g n i z a b l e  f e a t u r e s ,  s u c h  a s  
i d e n t i f i e d  craters, which were common t o  t h e  several da t a   sou rces .   Fo r   fu tu re  
work, i t  i s  recommended tha t  cons ide rab le  cau t ion  be  exe rc i sed  in  the  use  and  
i n t e r p r e t a t i o n  o f  map coord ina te s .  Fo r  the  type  o f  de t a i l ed  ana lys i s  r ep re -  
s en ted  by t h i s  r e p o r t ,  it is b e l i e v e d  a d v i s a b l e  t o  d e v e l o p  a local  system of  
coordinates  which assures  internal  consistency among t h e  v a r i o u s  maps and 
photographs  employed. 
A s econd  source  o f  d i f f i cu l ty  w a s  e n c o u n t e r e d  i n  d i R i t i z i n g  t h e  l u n a r  
e l eva t ions   t o   be   u sed   subsequen t ly   i n   l i ne -o f - s igh t   ana lys i s .   I t  is recommended 
that  smoothing be used to  develop a r econs t ruc t ed  luna r  su r face  be fo re  a t t empt -  
ing to  perform masking s tudies .  
The v i s i b i l i t y  of landmarks  f rom var ious  loca t ions  on  the  lunar  sur face  
can be mapped by means o f  t h e  methods presented herein.  However, it must b e  
r ecogn ized  tha t  t he  sou rce  e l eva t ion  map employed a 5-meter  contour  in te rva l  
and tha t  t he  v i ewing  he igh t  above  the  t e r r a in  was taken  as two meters .  In  view 
o f  t h e  fact  t h a t  t h e  u n c e r t a i n t y  i n  e l e v a t i o n  is o f  comparable maRnitude t o  t h e  
viewinR h e i g h t ,  it i s  e v i d e n t  t h a t  errors in  e l eva t ion  cou ld  o f t en  a l t e r  an 
unmasked reRion t o  a masked one and vice versa .  The d e s i r a b i l i t y  o f  b e t t e r  
i n p u t  d a t a  is t h e r e f o r e  e v i d e n t .  
For g r e a t e s t  u t i l i t y  f o r  l o c a t i n g  p o s i t i o n ,  it i s  e v i d e n t  t h a t  
the  landmarks  should  be  chosen a t  r e l a t ive ly   c lose   r ange .   In   t he  maps 
presented  in  th i s  repor t ,  the  landmarks  a re  too  wide ly  d ispersed  and 
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a t  too g rea t  a d i s t a n c e  f r o m  t h e  o p e r a t i o n a l  area t o  b e  of maximum usefu lness .  
A g r e a t e r  number of landmarks mapped at closer range would be preferable .  
However, i f  t h e  t e r r a i n  is suf f ic ien t ly  rugged ,  more d i s t a n t  landmarks  would 
be  qu i t e  u se fu l .  The  cho ice  o f  bo th  number and placement of  landmarks must, 
t h e r e f o r e ,  b e  a d j u s t e d  to  t h e  p a r t i c u l a r  t e r r a i n  and mission involved. 
S e v e r a l  d i r e c t i o n s  f o r  e x t e n s i o n  of concepts  deve loped  under  th i s  
c o n t r a c t  are ind ica t ed :  
0 A p p l i c a t i o n  o f  t r a f f i c a b i l i t y  and v i s i b i l i t y  a n a l y s i s  of 
fu tu re  mis s ions ,  pa r t i cu la r ly  those  in  wh ich  the  t e r r a in  
has g r e a t  r e l i e f  and i s  o f  h igh ly  va r i ab le  na tu re .  
Modi f i ca t ion  o f  t he  ASTERISK l i n e - o f - s i g h t  model t o  p e r m i t  
computer-based generation of the horizon. 
0 Appl i ca t ion  o f  ex i s t ing  methods f o r  s u r f a c e  r e p r e s e n t a t i o n  t o  
the  genera t ion  of  s lope  maps based on topographic contour maps. 
0 I n c o r p o r a t i o n  o f  t r a f f i c a b i l i t y  a n d  v i s i b i l i t y  maps a s  p a r t  
o f  an unmanned rover  concept .  
In  addi t ion ,  a cons iderable  amount o f  f u r t h e r  s t u d y  c o u l d  b e  made of 
the Fra Mauro loca t ion  a t  r e l a t i v e l y  s m a l l  c o s t ,  by v i r t u e  of t h e  f a c t  t h a t  
d ig i t i zed  inpu t  i n fo rma t ion  and  computer  models are a v a i l a b l e .  
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APPENDIX I 
TRAFFICABILITY COMPUTER PROGRAM Dr3CUMENTATION 
Figure  1-1 is a flow chart showing t h e  i n t e r r e l a t i o n  of  i n p u t s  and ou t -  
p u t s  for t h e  t r a f f i c a b i l i t y  c o m p u t e r  program. Data f r o m  t h e  d i g i t i z a t i o n  o f  maps 
and  photos are converged  by means o f  a program which produces unit  terrains.  These 
u n i t  t e r r a i n s  are then processed by means o f  t h e  WNRE-CAL t r a f f i c a b i l i t y  program 
t o  g e n e r a t e  a t r a f f i c a b i l i t y  map as a computer  pr int-out .  
1. Unit   Terrain  Creation  Prop-am 
This  program rece ives  d ig i t ized  inputs  f r o m  peology, photographic and 
s lope  sources  and performs a d a t a  i n t e r s e c t i o n  t o  b u i l d  a u n i t  t e r r a i n  code f o r  
each map l o c a t i o n .  A h i s tog ram so r t  is  then  performed on the  codes  to  produce  
a u n i t  t e r r a i n  d e c k .  T h i s  deck c o n s i s t s  o f  o n e  c a r d  f o r  e a c h  u n i t  terrain code 
which ac tua l ly  appea r s ,  w i th  the  ca rds  so r t ed  in  dec reas ing  o rde r  o f  occur rence .  
The map o f  u n i t  t e r r a i n  c o d e s  i s  then  wr i t t en  ou t  on mapet ic  t ape .  
The u n i t  t e r ra in  coding  appl ied  in  th i s  phase  of t h e  p r o j e c t  i s  almost 
i d e n t i c a l  t o  t h e  s y s t e m  u s e d  by WNRE i n  t h e i r  r e p o r t  " A c c e s s i b i l i t y  of S p e c i f i c  
Areas on the Lunar  Surface as a Function o f  LRV b b i l i t y  Design Parameters," 
June  1970,  pp.   106.  The  major  difference i s  t h a t  d i g i t  7,  "Crater wall anRle" 
has   been   rep laced   by   t e r ra in  gross s lope .   This  gross s l o p e  i s  developed  in   the 
following manner: 
(1) Qross s l o p e  is set e q u a l  t o  d i g i t i z e d  s l o p e  v a l u e .  
(2 )  I f  t h e  t e r r a i n  s q u a r e  i s  l o c a t e d  w i t h i n  a crater Rreater than 50 meters 
in  d i ame te r ,  bu t  less than or e q u a l  t o  200 meters in  d i ame te r ,  t he  crater 
i n n e r  wall angle  i s  added t o  g r o s s  s l o p e .  
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DIGITIZATION OF DIGITIZATION O F  DIGITI ZATION O F  
(3 
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pzq T r a f f i c a b i l i t y  .
FIGURE 1-1 
COMPUTER FLOW CHART FOR TRAFFICABILITY  ANALYSIS 
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The r a t i o n a l e  b e h i n d  t h i s  p r o c e d u r e  is t h a t  t h e  i n n e r  wall s l o p e  f o r  
a crater g rea t e r  t han  200 meters in diameter  should appear  on the  s lope  map. 
To add t h e  two angles  would  resu l t  in  a double counting for l a r g e  craters. 
However, as t h e  s ize  o f  t h e  crater dec reases ,  t he  l i ke l ihood  of t h e  i n n e r  wall 
angle  being picked up  on t h e  s l o p e  map decreases .  I t  is therefore  necessary  t o  
add .  the  angles  for  c r a t e r s  less than 200 meters i n  o r d e r  t o  more r e a l i s t i c a l l y  
model the d e g r e e  o f  d i f f i c u l t y  i n  c l i m b i n g  s l o p e s  which would be encountered 
by  objec ts  the  s ize  of  t h e  v e h i c l e .  
I t  shou ld  a l so  be  no ted  tha t  t he  coun t s  fo r  c r a t e r s  i n  the  5-20 meter 
category were not  made e x p l i c i t l y  i n  t h i s  s t u d y .  I f  t h e  i n p u t  d a t a  i n d i c a t e d  
t h a t  a 5-20 meter crater o r  c r a t e r s  were present,  it w a s  assumed t h a t  t h e  c o u n t  
was 3 .  This  is a conserva t ive  estimate o f  t h e  mean number  which should  ac tua l ly  
be  between 2 and 3.  This  assumption w a s  made so t h a t  c o m p a t i b i l i t y  w i t h  t h e  
WNRE t echn ique  o f  ca l cu la t ing  power consumption could be maintained. 
The information on the age of c r a t e r s  l e s s  t h a n  50 meters i n  diameter  
was d i g i t i z e d  d i r e c t l y  f r o m  the  geology map. This is  a much more e f f i c i e n t  
technique  than  tha t  deve loped  for  t h e  S i n u s  Medii ana lys i s .  
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2. Unit  Terrain  OutDut 
The fol lowing is  a l i s t i n g  of t h e  d a t a  c o n t a i n e d  i n  t h e  u n i t  t e r r a i n  
deck. The percentage figures refer to  the  pe rcen t  of t h e  a r e a  s u b j e c t e d  t o  
t h e  t r a f f i c a b i l i t y  a n a l y s i s .  F r o m  t h i s  l i s t  we can obtain a coarse  charac te r -  
i z a t i o n  of  t h i s  p a r t i c u l a r  l u n a r  area. For example, Code No. 1-30041110, 
accounts for 26.2% of  t h e  area analyzed. This u n i t  t e r r a i n  h a s  t h r e e  o l d  
c r a t e r s  i n  t h e  5-20 meter category,  no b locks ,  a gross s lope  of S o ,  and a 
so i l  f i rmness  index  of 1. 
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3. WNRE-CAL T r a f f i c a b i l i t y  - Computer Model 
This is t h e  c u r r e n t  v e r s i o n  of t h e  t r a f f i c a b i l i t y  model o r i g i n a l l y  * 
developed by WNRE. I t  has been modified to  u t i l i z e  t h e  e x t r a  c a p a c i t y  of t h e  
CAL IBM 360 model 65 computer  over WNRE's  IBM 1130.  These  modifications  have 
dea l t  ma in ly  wi th  inc reased  use  o f  core s torage  and  h igh  speed  pr in te r  faci l i t ies .  
The only  s igni f icant  change  in  ca lcu la t ion  techniques  has  been  the  
s u b s t i t u t i o n  o f  a mod i f i ed  veh ic l e - s lope  ana lys i s  fo r  WNRE's s t r a iph t - and- l eve l  
computa t ions  fo r  un i t  t e r r a ins  which contain no craters sma l l e r  t han  50 meters 
(see Appendix 111). These  changes are shown schemat ica l ly   in   F igure   1 -2 .   In  
t h e  e v e n t  t h a t  t h e r e  are no craters smaller than  50 meters i n  a u n i t  t e r r a i n ,  
a tab le  look-up  i s  performed,  given s lope and soi l  type,  t o  y i e l d  s l i p ,  r e q u i r e d  
torque,  and power consumption. I f  s l i p  is less than  70% and r equ i r ed  to rque  
less t h a n  a v a i l a b l e  v e h i c l e  t o r q u e ,  t h e n  t h e  power  consumption  from t h e  t a b l e  
i s  assigned t o  t h e  u n i t  t e r r a i n  c o d e .  I f  t h e  v e h i c l e  f a i l s  e i t h e r  t es t ,  t h e  
u n i t  t e r r a i n  is c l a s s i f i e d  as v e r y  d i f f i c u l t  t o  t r a v e r s e .  The logical  f low of  
t h i s  program change i s  i l l u s t r a t e d  by the following flow diagram. 
The t a b l e s  of Appendix 111 g ive  us  in fo rma t ion  fo r  so f t  and firm s o i l .  
The computer  program considers  soi l  c lasses  1 ,  2 and 3 t o  b e  f i r m ,  w h i l e  c l a s s e s  
4 ,  5 and 6 a re   so f t .   Obv ious ly ,   t he   s lope   va lues  are der ived  from the   g ross  
s l o p e  i n d i c a t o r .  
* 
1J.C.  Crenke  and C . J .  N u t t a l l ,  J r . ,  Access ib i l i t y  o f  Spec i f i c  Areas  on the  
Lunar Surface as a Function of L R V  Design Parameters, Report No. 201, WNRE, 
Inc,   Chestertown, Md., .June 1970. 
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FIGURE 1-2  
MODIFICATION O F  VEHICLE-SLOPE ANALYSIS 
Figure 11-1 is a flow c h a r t  s h o w i n g  t h e  i n t e r r e l a t i o n  of inputs  and 
o u t p u t s  f o r  t h e  v i s i b i l i t y  c o m p u t e r  model. Data ob ta ined  by d i g i t i z a t i o n  of a 
topographic  contour  map must first be smoothed by means o f  a "Blending Program" 
b e f o r e  b e i n g  f e d  to  subsequent  computer  operations.   Preprocessed  landmark  inputs 
must a l s o  b e  i n c o r p o r a t e d  b e f o r e  t h e  b a s i c  ASTERISK model f o r  l i n e - o f - s i g h t  
analysis can be employed. 
1. BlendinR  Program 
The a l g o r i t h m  u t i l i z e d  by the blending program i s  e s s e n t i a l l y  a 
technique for performing a l i n e a r  b l e n d i n g  of t h e  i n p u t  e l e v a t i o n s  from l e f t  
t o  r i g h t ,  t h e n  from t o p  t o  b o t t o m ,  w i t h  t h e  f i n a l  e l e v a t i o n  r e s u l t i n g  f r o m  
averaging the blended values .  
C o n f i n i n g  o u r  d i s c u s s i o n  i n i t i a l l y  t o  t h e  l inear b l end ing  in  a par -  
t i c u l a r  d i r e c t i o n ,  o u r  d i g i t i z a t i o n  p r o c e s s  p r e s e n t s  us with a perp lex ing  
prob 1 em. 
Given the  contour  map above, w e  would expect  t o  e n c o u n t e r  a d i g i t i z e d  
p r o f i l e  s i m i l a r  t o  t h a t  shown i n  Figure I I - 2 ( a ) .  
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DIGITIZING OF PROFILES 
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Unfor tuna te ly ,  due  to  ou r  inab i l i t y  to  p rec i se ly  de t e rmine  e l eva t ions  
b e t w e e n  c o n t o u r  l i n e s ,  t h e  d a t a  were recorded as shown i n  F i g u r e  I I -  3 .  
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FIGURE 11-3 
VIEWING  CONSTRAINTS OF DIGITIZED PROFILE 
F igure  I I -3(a) ,  where  X ' s  i n d i c a t e  a p o i n t  v i s i b l e  from the  eye ,  
i l l u s t r a t e s  t h e  d e s i r e d  r e s u l t  o f  a v i s i b i l i t y  a n a l y s i s  o f  the  contour  map. 
F igure  I I -3(b)  shows  what happens when t h e  raw d i g i t i z e d  d a t a  are s u b j e c t e d  t o  
v i s i b i l i t y   a n a l y s i s .   I n   t h i s   f i g u r e ,   t h e  0 ' s  r ep resen t   po in t s  which  would b e  
v i s i b l e  w i t h  an a c c u r a t e  p r o f i l e ,  b u t  which are masked by o u r  d i g i t i z a t i o n  p r o c e s s .  
I t  is o b v i o u s  t h a t  t h e  i n v i s i b i l i t y  o f  t h e  0 ' s  is an a r t i f ac t  of o u r  d i E i t i z a t i o n  
process  . 
I n  o r d e r  t o  s o l v e  t h i s  p r o b l e m ,  we n e e d  t o  c o n s t r u c t  a l i n e  t h r o u g h  t h e  
midpoints   between  the  contour   l ines   and  adjust   the   data   accordincly.  Fipure 11-4 
i l l u s t r a t e s  t h e  r e s u l t s  o f  t h i s  p r o c e d u r e .  
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FIGURE 11-4 
ADJUSTMENT OF PROFILE DATA 
x = d i g i t i z e d  p o i n t s  
fl = ad jus t ed  da ta  
We have now replaced  our  p la teaus  by  l inear  ramps .  Per forming  th is  
b l e n d i n g  i n  two d i r e c t i o n s  and  ave rag ing  the  r e su l t s  has  p roduced  sa t i s f ac to ry  
b lending  o f  t h e  e l e v a t i o n  d a t a  f o r  t h e  F r a u  Mauro area o f  l u n a r  t e r r a i n .  T h i s  
is  i l l u s t r a t e d  by t h e  r e s u l t s  o f  v i s i b i l i t y  a n a l y s e s  p e r f o r m e d  on a 100 x 100 
p o i n t  tes t  array without blending (Figure 11-5) and with blending (Figure 11-6).  
Note the manner i n  which t h e  p l a t e a u s  i n  t h e  d i p i t i z e d  i n p u t s  are 
c l e a r l y  d i s c e r n a b l e  i n  t h e  a n a l y s i s  o f  t h e  u n b l e n d e d  d a t a .  T h i s  p r o b l e m  seems 
t o  b e  a l l e v i a t e d  by the  b l end ing  p rocess  as  e v i d e n c e d  b y  t h e  v i s i b i l i t y  a n a l y s i s  
o f  t he  b l ended  e l eva t ion  ma t r ix .  
I t  shou ld  be  po in ted  ou t  t ha t  t he  b l end ing  p rocedures  from l e f t  t o  r i g h t  
and f r o m  t o p  t o  b o t t o m  are performed  independently.  The r e s u l t i n g  e l e v a t i o n  is t h e  
average of t h e  two independent ly  de te rmined  e leva t ion  va lues  for any coord ina te  
p o s i t i o n .  The map d a t a  m a t r i x  i s  no t  first transformed by blendinp f r o m  l e f t  t o  
r igh t  and  then  fu r the r  mod i f i ed  by t o p  t o  b o t t o m  b l e n d i n p  t o  y i e l d  t h e  e l e v a t i o n  
map. The d a t a  were blended i n  t h e  manner i n d i c a t e d  t o  e l i m i n a t e  t h e  p o s s i b i l i t y  
o f  b i a s i n g  t h e  e l e v a t i o n  r e s u l t s  b y  t h e  i n i t i a l  c h o i c e  of d i r e c t i o n  o f  b l e n d i n g .  
-
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2. Landmark Computer Program 
This  program merely modif ies  the input  data  tape for t h e  A S T E R I S K  
v i s i b i l i t y  p r o g r a m  t o  t a k e  i n t o  a c c o u n t  t h e  areal na ture  of  the  landmark .  
We have adopted a type  of t r u n c a t e d  f l a g  p o l e  t e c h n i q u e  f o r  p r e p r o c e s s i n g  
t h e  i n p u t  e l e v a t i o n  d a t a  so t h a t  t h e  A S T E R I S K  mode l ' s  s inRle  s igh t ing  po in t  ana lys i s  
can  be  expanded to  accommodate areal landmark features .  If we have a h i l l t o p  
landmark, w e  proceed as fol lows : 
( 1 )  By ana lys i s  o f  map da ta ,  dec ide  which p o i n t s  are a c t u a l l y  on t h e  
landmark, and which points fa1 1 o n  t h e  same l u n a r  s u r f a c e  f e a t u r e  as t h e  1 andmark 
(see Figure 11-7).  
Front  
FIGURE 11-7 
REPRESENTATION OF LANDMARK 
( 2 )  Cons t ruc t  a f l a g p o l e  a t  t h e  same X, Y pos i t ion   as   the   l andmark  
peak  (see  Figure 11-8). Set t h e  e l e v a t i o n  of t h e   f l a g p o l e  as the   lowes t   e leva t ion  
o f  any  landmark p o i n t .  Set  a l l  o t h e r  p o i n t s  on the  landmark  equal t o  1 ,  and a l l  
remain ing  poin ts  on  the  landmark  fea ture  to  2 .  
Front  
F I G U R E  11-8 
I D E A L I Z A T I O N   O F  LANDMARK FOR  COMPUTER  INPUT 
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(3) Now t h e  s i n g l e  s i g h t i n g  p o i n t  ASTERISK program can be  run  on 
t h i s  p r e p r o c e s s e d  d a t a  to  y i e l d  a good picture  of t h e  l a n d m a r k  v i s i b i l i t y .  
I t  s h o u l d  b e  p o i n t e d  o u t  t h a t  a l l  t h e  p o i n t s  s p e c i f i e d  as 1's o r  2 ' s  
i n  (2)  above  must be  determined  and  decided upon by map i n t e r p r e t a t i o n .  T h i s  is  
a manual job  which  the  computer  cannot  determine  by i t s e l f .  I t  is a task which 
r e q u i r e s  a geographe r ' s  expe r t i s e .  
The ASTERISK program has been modif ied to  incorporate  this  landmark 
f e a t u r e  and t o  o u t p u t  a m a g n e t i c  t a p e  s t o r a g e  o f  t h e  v i s i b i l i t y  s i t u a t i o n  f r o m  
any p a r t i c u l a r  f e a t u r e .  The i n t e r s e c t i o n  of t h e  d a t a  o n  t h e s e  o u t p u t  t a p e s  
y i e l d s  an e x c e l l e n t  d e t e r m i n a t i o n  o f  t h e  v i s i b i l i t y  of var ious  combina t ions  of  
landmarks from any lunar  surface square.  
One f ina l   po in t   shou ld   be   no ted .  The actual  andmark  derived  from 
our  f lagpole  approach  w i l l  b e  a l i t t l e  l a r g e r  and t h e  v i s i b i l i t y  r e q u i r e m e n t s  
t h e r e f o r e  a b i t  more s t r i n g e n t  t h a n  t h o s e  a c t u a l l y  s p e c i f i e d .  I f  we cons ide r  
t h e  a c t u a l  and s p e c i f i e d  f e a t u r e ,  t h i s  d i s c r e p a n c y  is  obvious,  as shown i n  
Figure 11-9 below. 
spec i f i ed  lower  e l eva t ion  
ac tua l  l ower  e l eva t ion  
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FIGURE 11-9 
VISIRILITY CONSIDERATIONS FOR TDEALIZED LANDMARK 
However, t h e  d e g r e e  o f  t h i s  e r r o r  i s  p a r a m e t r i c a l l y  c o n t r o l l a b l e  by 
vary ing  the  f lagpole  he ight ,  and  it s h o u l d  n o t  b e  s i g n i f i c a n t  i n  any o f  t h e  
ana lyses  per formed for  th i s  s tudy .  
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3. ASTERISK ComDuter Model 
The ASTERISK model g raph ica l ly  po r t r ays  r eg ions  o f  po in t - to -po in t  i n t e r -  
v i s i b i l i t y  i n  a geographical  area. S p e c i f i c a l l y ,  for e a c h   p o i n t   o f   t h e  area 
t h e  h e i g h t  o f  t h e  t e r r a i n  mask as viewed f r o m  a f ixed  observa t ion  tower  is 
computed. ASTERISK d i v i d e s   p o i n t s  of t h e   g e o g r a p h i c   r e g i o n   i n t o  two c a t e g o r i e s :  
(1 )  po in t s  a t  which t h e  h e i g h t  o f  mask exceeds a s e l e c t e d  t h r e s h o l d  ( u s u a l l y  
r ep resen ted  by  an a s t e r i sk ;  hence  the  p rogram name); ( 2 )  p o i n t s  a t  which  the 
h e i g h t  o f  mask does  not  exceed  the  threshold  (usua l ly  represented  by  a b l ank) .  
With r e s p e c t  t o  a chosen  observa t ion  poin t  ( tower)  the  he ipht  of  mask 
from  any o t h e r  p o i n t  P on t h e  t e r r a i n  is  t h e  a l t i t u d e  t o  which an o b j e c t  a t  P 
must b e  r a i s e d  t o  b e  i u s t  v i s i b l e  t o  t h e  o b s e r v e r  i n  t h e  t o w e r .  T h i s  c o n c e p t  
is shown in  F igu re  11-10. Here p o i n t  P is  n o t  v i s i b l e  t o  t h e  o b s e r v e r  and t h e  
degree o f  masking is ind ica t ed  by  the  he igh t  (maybe depth would have been a 
b e t t e r  word) of mask. Po in t  Q i s  v i s i b l e  t o  t h e  o b s e r v e r .  I t s  h e i p h t  of  mask 
i s  zero.  
FIGURE 11-10 
HEIQIT OF MASK 
As i n p u t ,  t h e  model u s e s  t e r r a i n  h e i g h t s  a t  t h e  p o i n t s  of i n t e r s e c t i o n  
of a squa re  g r id  p l aced  on a map of a r e c t a n p l a r  geographical  area. The choice  
of  g r i d  size and size of t h e  r e c t a n g u l a r  r e g i o n  i s  usua l ly  a compromise involvinf l  
a numb'er o f  f a c t o r s :  
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(1) The d e s i r e d   r e g i o n  of i n t e r e s t .  
(2) "he roughness of t h e  t e r r a i n  ( r o u g h e r  t e r r a i n  r e q u i r e s  a f i n e r  g r i d  
t o  a v o i d  l o s s  of i m p o r t a n t  d e t a i l s ,  e s p e c i a l l y  of r idges  and  peaks) .  
(3) The amount of  co re  s to rage  ava i l ab le  (pack ing  of two or t h r e e  h e i g h t s  
i n  a s i n g l e  word should  be  cons idered) .  
(4) Computer charges  for running  the  program. 
Figure 11-11 shows a sample  g r id  wi th  t e r r a in  he igh t s  a t  each  poin t  of 
i n t e r s e c t i o n .  I t  also shows t h e  l o c a t i o n  of an observa t ion  tower  a t  0 and a 
p o i n t  P whose h e i g h t  of  mask is t o  b e  computed. 
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FIGURE 11-11 
TERRAIN GRID 
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F i r s t ,  we o b t a i n  t h e  p r o f i l e  o f  t he  t e r r a in  ove r  t he  pa th  jo in ing  0 
t o  P. This  is done by placing a set of in te rmedia te  poin ts  (P 1' PZ' - * . I  
between 0. and P marked off i n  e q u a l  s p a c i n p  f r o m  0 toward P. The l a s t  i n t e r v a l  
w i l l  no t  necessar i ly  be  equal  to  the  o thers .  The he igh t  of t h e  t e r r a i n  at each 
of  these  poin ts  (0, P1, P2 ,  . . .) is then estimated by an interpolation process 
on t h e  i n p u t  t e r r a i n  d a t a .  S p e c i f i c a l l y ,  t h e  model uses a b i l i n e a r  i n t e r p o l a t i o n  
on t h e  h e i g h t s  a t  t h e  f o u r  c o m e r s  o f  t h e  s q u a r e  i n  which t h e  p o i n t  f a l l s ,  and 
takes  in to  account  the  pos i t ion  of  the  poin t  wi th in  the  square .  More e l abora t e  
i n t e r p o l a t i v e  schem>es could b e  used. The one  drawback o f  t h e  b i l i n e a r  method 
is tha t  the  he ight  of  the  in te rmedia te  poin t  never  exceeds  the  maximum o f  t h e  
f o u r   c o m e r   h e i g h t s .  
FIGURE 11-12 
INTERPOLATED PROFILE 
Figure 11-13 shows an exaggerated drawing of how the  in t e rpo la t ed  
p r o f i l e  might look a f t e r  c o r r e c t i o n  f o r  c u r v a t u r e .  
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FIGURE 11-13 
CURVATURE CORRECTED PROFILE 
A t  t h i s  p o i n t  i n  t h e  p r o c e s s ,  l i n e s  are drawn f r o m  t h e  t o p  o f  t h e  
obse rva t ion  tower  to  the  top  o f  each  o f  t hese  spikes and  the  l i ne  hav ing  maximum 
angle  of e l e v a t i o n  ( o r  smallest ang le  o f  dep res s ion )  is s a v e d  f o r  t h e  h e i g h t  of 
mask computation.  In  Figure 11-13 t h e  l i n e  t o  t o p  o f  P3 h a s   t h e  smallest angle  
o f  dep res s ion .  The d i s t a n c e  f r o m  t h e  t o p  o f  P t o  t h i s  l i n e  measured  rad ia l ly  
outward i s  c a l l e d  t h e  h e i g h t  o f  mask for p o i n t  P w i t h  r e s p e c t  t o  t h e  o b s e r v a t i o n  
p o i n t  0. I t  is obvious ly  a f u n c t i o n  o f  t h e  h e i g h t  o f  t h e  o b s e r v e r  a b o v e  t h e  
t e r r a i n .  
The p r o c e s s  d e s c r i b e d  f o r  p o i n t  P is  r e p e a t e d  f o r  a l l  o t h e r  g r i d  p o i n t s ,  
keep ing  the  obse rva t ion  po in t  0 i n  t h e  f i x e d  l o c a t i o n .  A t  t he  end  of t h e  
computa t ion  one  has  the  he ight  of  mask f o r  e a c h  p o i n t  o f  t h e  g r i d .  R a t h e r  t h a n  
p r i n t  o u t  t h i s  a r r a y  o f  n u m b e r s ,  t h e  model g roups  the  va lues  in to  class i n t e r v a l s ,  
w i t h  t h e  l e t t e r  A r ep resen t ing  va lues  i n  t h e  first class i n t e r v a l ,  B r e p r e s e n t i n g  
h e i g h t s  o f  mask i n  t h e  s e c o n d  class i n t e r v a l ,  and so on ,  cont inuing  on through Y 
f o r  t h o s e  h e i g h t s  o f  mask i n  t h e  t w e n t y - f i f t h  class i n t e r v a l .  The le t ter  2 i s  
r e s e r v e d  f o r  h e i g h t s  o f  mask g r e a t e r  t h a n  25 class in te rva ls  in  magni tude .  The  
output  is a r e c t a n g u l a r  a r r a y  o f  let ters,  sometimes qu i t e  t ho rough ly  mixed. 
The a r r a y  o f  mask he igh t s  ob ta ined  f r o m  t he  above  ca l cu la t ion  need  no t  be  
p r i n t e d  out i f  only  a p r e s e n t a t i o n  o f  masked versus  unmasked area is desi’red. 
Ra the r ,  t he  in fo rma t ion  is s t o r e d  on tape fo r  subsequen t  u se .  The  model tests 
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each he ight  of mask against  a desired threshold and pr in t s  an asterisk for 
points  having masks deeper than the threshold and leaves  a blank for po int s  
having masks  shallower than the threshold. A number of di f ferent  thresholds  
can be examined and, an asterisk print-out  obtained for each threshold. 
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APPEND1 X I I I 
VEHICLE SOFI"S0IL PERFORMANCE MODELING 
by 
D.  J .  Schuring 
The mathematical model is derived under tho following simplifying 
assumptions : 
1. The vehic le  is moving on a s t ra ight  course with constant  
speed s o  tha t  tu rn ing  .maneuvers arid s ide  fo rces  are excluded. 
2. The ground i s  r e l a t i v e l y  smooth so that   p i tching,   heaving,  
r o l l i n g ,  etc. can be neglected. 
3. The ground is  s o f t  b u t  r e l a t i v e l y  firm so  t h a t .  phenomena 
r e s u l t i n g  from excessively weak soils are not considered. 
4. As a consequence  of (1) and (2), vehicle   forces  are r e s t r i c t e d  
t o  a plane. T h i s  plane is ident ica l  wi th  the  wheel plane. 
Moments a re  appl ied  i n  a direct ion perpendicular  t o  t h i s  p l a n e  
(bicycle-type vehicle).  
S ince  iner t ia  forces  a re  neglec ted ,  the  only  force  ac t ing  a t  t he  veh ic l e ' s  
cg i s   i t s  weight, which is counter-balanced by forces act ing in  %he vehicle-  
ground interface.  Figure 111-1 shows a  two-dimensional  free-body diagram of a 
wheeled vehicle moving up-h i l l  w i t h  constant speed over soft, smooth ground. 
The vehicle maintains force equilibriun against  motion-impeding forces  by 
generat ing  thrust   forces ,  c H i  , a t  the  driven  whcels. The impeding 4 
7 
force is t h e  weight component, w s i n  CY . M1 and H2 are the  thrus t  forces  
of the front wheelsj  Hg and H are the  thrus t  forces  of  the rear  wheels. 4 
W is the  total  vehicle  weight .  
- 
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Consequently, 
4 c = w sin OL. 
1 
Equation (1) can be considered the Wemand" equat ion  of  a whccled 
vehic1.e. Its terms are furn ished  by examining forces and moments of a s i n g l e  
wheel , Figure 111-2. I f  the wheel is  driven (M>O) , the horizontal force at the 
so i l -wheel  in te r face  i s  d i rec ted  forward  and  ident ica l  wi th  the  thrus t ,  ff . 
Equi l ibr ium requi res  tha t  fo r  each wheei 
" - Yp+n 
P 
where p = f / r  i s  ca l l ed  the  coe f f i c i en t  o f  ro1 , l i ng  r e s i s t ance ,  and. Y i s  
t h e  wheel load normal t o  t h e  ground. Eq. (2)  s u b s t i t u t c d  i n t o  Eq.  (1) 
y i e l d s  
Assuming cons t an t  coe f f i c i en t  of r o l l i n g  r e s i s t a n c e  and cons tan t  wheel r ad ius  
for  a l l  fou r  whee l s ,  t h i s  equa t ion  s impl i f i e s  t o  
- 
where h' is  t h e  t J t a l  vehic le   weight ,   and   thz   to ta l   d r iv ing   to rque .  
- 
The torque  i s  furn ished  by the  d r ive  ~ o t o r s .  I n  o r d e r  t o  match 
torque demand and torque supply (which i s  dependent on t h e  wheel speed), the 
wheel s l i p  has  to  he  e s t ima ted .  
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Computation of  s l i p :  
The torque, M, of a wheel i s  equal t o   t h e  sum of  a l l  t a n g e n t i a l  
forces  a long the contact  zor1.e t i m e s  t h e i r  d i s t a n c e ,  P , from t h e  wheel ax le  
(Figure 111-2) * 
where r is t h e   i n t e r f a c e   s h e a r  stress, and is  in te r face   a rea .  
If the  imter face  shear  stress, Z , is uniformly directed in  forward 
d i r e c t i o n  ( t h i s  is  gene ra l ly  true), t h e  Janosi-Hanamoto equation [l] *can be 
appl ied.  
where c is  so i l   cohes ion ,  qj is i n t e r n a l   s o i l   f r i c t i o n   a n g l e ,  o- is normal 
i n t e r l a c e  s t r e s s ,  a! i s  displacemcnt o f  wheel v e r s u s  s o i l  i n  t h e  i n t e r f a c e ,  
and k is a s o i l  c o n s t a n t .  For re la t ivcly small  s inkage,  r7 can  be  approxi- 
mated by 
where 2p is t h e  f r o n t  a n g l e  (Fig. I I I - 2 ~ a n d  S is wheel s l i p  g i v e n  by 
2 
* numbers refer to references at the end o f  this Appendix. 
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tr is forward veloci ty  of  the wheel ,  and m is angular  wheel ve loc i ty ,  
With  Eqs. (7) and (S), the  shear -s t ress  equat ion ,  Eq. (6), takes t h e  form 
If we assume rec tangular  contac t  a rea  wi th  wid th  b , then  dA = b r d 4 p  . 
If we f u r t h e r  assume t h e  rear contact  angle ,  t o  be zero (Figure I I I - 2 ) ,  then, 
with Eq. (10) s u b s t i t u t e d  i n t o  Eq. (S), t he  to rque ,  h , o f  a wheel becomes 
\ 
% 
In t eg ra t ion   y i e lds  
Let us call  Pp2 E L  the  contac t  length ,  and l e t  us a l so  de f ine  the  con tac t  
width as b = A / L  . Then 
w cos d 
where p = 
A 
is the average wheel pressure. 
Eq. (13)  cannot be solved without estimation o f  the  contac t  length ,  L . 
Here, we w i l l  assume tha t  t he  con tac t  l eng th  o f  a wheel ro l l i ng  s lowly  on 
so f t  so i l  equa l s  t he  con tac t  l eng th  o f  t h e  same wheel s tanding  on r i g i d  ground. 
This is a d r e s t i c  a s s m p t i o n ;  it i s  j u s t i f i e d  only i f  t h c  grcund is r a t h e r  
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Figure 111-3 shows t he  deformation of an elast ic  wheel standing on r igi .d  
ground and loaded by W cos d , where W i s  the vehicle  weight  per wheel, 
and OL i s  t h e  s l o p  a n g l c .  \\%eel d e f l e c t i o n  and  conta.ct   length are r e l a t e d  
according t o  the  expres s ion  
L.= 
W.C. Grenke and C . I .  Nuttall r31cpote   the fo l lowing  m p f r i c a l  l o a d - d e f l . e c t i o n  
r e l a t i o n  f o r  a s i n g l e  lunar-.vehicle whecl 
A= 8.8. X V 0 . ~ ~ 1 0 - 4  
I I 
(meter) (Newton) 
where v i s  t h e  wheel load noma1 t o  t h e  ground. With 1/= W Casu:. , and = 0.406 
meters, E q .  (15) s u b s t i t u t e d  i n t o  E q .  (14) y i e l d s  
=- 800 7 z  
68 . 
t"L- 
FIGURE 111-3 
WHEEL CONTACT LENGTH ON RIGID GROUND 
FIGURE 111-4 
VEHICLE  DIMENSIONS 
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Eqs. (16) and (18) subs t i t u t ed  in to  Eq. (13) y ie ld  the  necessary  
torque  per  s ing le  wheel as a function of wheel s l i p ,  
For terrestrial. s o i l s ,  the so i l   cons t an t  K 0.025 M . The same value 
may be assumed f o r  l u n a r  s o i l s .  
We now turn back to  Eq. (4) and refer it t o  a s i n g l e  wheel 
Comparing Eq (20) with Eq (19) Ne a r r i v e  a t  
The vehicle weight per wheel, Wl , i s  a function of  slope.  Figure 4 shows that 
fo r  a f ront  wheel W, = W' = W 
- b cfl.fa:-dsLz a 
Z B  cos e 
- 
W 
L 
f o r  a r e a r  wheel W, = W, = - - W, 
Vehicle  data: (see Table 111-1) 
Wheel base B = 2.28 meters 
cg distance from f ront  ax le  a = 1.26 meters 
cg distance from rear axle b = B-a = 1.02 meters 
cg ver t i ca l  he igh t  above axle d = 0.41 meters 
total  lunar  vehicle  weight  E = 1015 Kewtons ( f u l l  load) 
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TABLE 111-1 - VEHICLE DATA AS SPECIFIED BY NASA 
/ 
ITEM 
Lunar gross vehicle weight 
( fu l l  payload)  
Lunar net  vehicle  weight  
Ixnar weight of s i n g l e  wheel 
Wheel base (axle t o  a x l e )  
Wheel t r e a d  ( c e n t e r  t o  c e n t e r )  
Distance of  veh ic l e  cg from 
f ron t  ax le*  
Height o f  CP, from l e v e l  
ground (nominal) e 
Height o f  cg above ax le s  
Ground c learance  ( fu l l  load)  
Wheel diameter 
Wheel width 
Angle o f  a p p r o x h  
Angle of depar ture  
hlaximum crevice width 
(,u= 0.6) 
Gradeabi l i ty  
Max. Khecl torque (continuous 
duty a t  35 r p )  
Mnx. wheel speed (at 6.8 N-m) 
Wheel s p r i n g  r a t e  
( f ron t  and r e a r )  
Suspension spr ing rate  
( f ront  and rear) 
Max. suspension def lect ion 
biinimun turn ing  rad ius  
(wall t o  wall)  
- ~ -  I 
1015 
343 
17.8 
2.28 
1.83 
1.26 
.832 
. 4 1  
.356 
.813 
.22s 
35 
90 
.70 
25 
106 
11s 
56 . 
25.5 
.229 
3.10 
” 
.30 
”- 
Dimension 
Newton 
Newton 
Newton 
meter 
meter 
meter 
meter 
meter 
meter 
meter 
meter 
degree 
degree 
meter 
meter 
degree 
N-m 
r p m  
N/ cm 
N/ cm 
meter 
meter 
De no-! at  ion  
Nutt a1 1 [ 31 
mv 
VL 
VTW 
VCL 
VCH 
VGC 
VWD 
Wi 
VAA 
VAD 
VSH 
VMC 
VG 
VT 
This  repor t  
- 
W 
B 
a 
d 
2r 
* 
c o ~ n p t e d .  from given weight  dis t r ibut ion of  45% f ron t  and 55% r e a r  
** 1 = coefficient of friction 
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S o i l  d a t a :  
The coe f f i c i en t  of r o l l i n g  r e s i s t a n c e ,  p is a complex funct ion 
of  wheel d a t a ,  s o i l  d a t a ,  l o a d ,  a n d  s l i p .  Wheel t e s t s  performed 
on t h e  Boeing-GB1 Lunar wheel i n  Yuma sand 14] i n d i c a t e  a c o e f f i c i e n t  
of ro l1 , r e s .  of  0.10 a t  h i g h e r  s l i p  and 0.18 at low s l i p .  (IVNRE r31 
s e l e c t e d  a conservat ive value of  p =. 0.18). 
Apollo I1 s o i l   s a n p l e s   i n d i c a t e  a so i l   cohe r s ion   o f  C = 0.36 
- 1.42  kN/m (0.05 - 0.20 l b / i n  ) and an  angle  of  in te rna l  so i l  
f r i c t i o n  of  @ = 35' - 45O.  From these   da ta ,  two extreme  soft-  
2 2 
soil  conhitions can be assembled, 
TABLE 111-2 .  LUNAR SOIL DATA* 
Cohesion Angle of  Tntesrlal Coe f f i c i en t  o f  ro l l i ng  
Kriction &degree r e s i s t a n c e  p 
Weak s o i l  
-I . ., - .. .. . 
-t: 0.20 
=: 45" = 0.10 
-
~~~ .. 
*adapted from [4J and [!SI 
These  data  su1bsti.tut.ed  into Eq .  (21) r e s u l t  i n t o  two s lope-s l ip  equat ions  
These formulas can be used t o  compute four  l ists  of  a s soc ia t ed  s l ip - s lope  
values  - two l is ts  ( f r o n t  and m a r )  f o r  t h e  weak s o i l ,  and two lists ( f ron t  
and r ea r )  fo r  t he  f i rmer  so i l .  So i l  ang le s  r ange  from G t o  30 degree in  2 
degree  increments. With these  fou r  l ists ,  i d e n t i f i c a t i o n  of  go-no go per-  
formance i s  achieved as fol lows (Table 111-3). 
First, f o r  a given slope, t h e  a s s o c i a t e d  s l i p  v a l u e  i s  i d e n t i f i e d  in 
t h e  s l i p - s l o p e  l i s t .  If t h e  s l i p  v a l u e  i s  s m a l l e r  t h a n  t h i r t y  p e r  c e n t ,  
t he  veh ic l e  cons ide red  in  a t rgot l  s i tuat ion.  If t h e  s l i p  v a l u e  i s  l a r g e r  
than 30% but  smaller  than SO%, t he  veh ic l e  is considered in  a "perhaps goff 
condi t ion.  For s l i p  v a l u e s  l a r g e r  t h a n  80%, t h e  v e h i c l e  i s  consi.dered  stalled.. 
(no go). The s l i p  values o f  30% and 80% are  conserva t ive  limits; they  t a k e  
into account the l lhunplf that  some cohes ive  so i l s  e x h i b i t  i n  t l l e i y  LllrusL- 
s l i p  curve of around 30% s l i p .  Beyond t h i s  hump, the  th rus t  cond i t ions  a re  
d i f f i c u l t  t o  assess becuase of the wheel's tendency t o  s p i n  and bog down. 
If t h e  s l i p  i s  smaller than 30%, the  torque  delnand i s  computed. 
According t o  Eq. (4), t h e  t o t a l  t o r q u e  is  
The maximum vehicle weight is a = 1015 Nwtons,  the estirnated radius o f  
t he  de f l ec t ed  wheel is r = 0.34 meters. The c o e f f i c i e n t  o f  rolling r e s i s t a n c e  
f o r  weak s o i l  was assumed p = 0.18 and f o r  f i r l ne r  so i l  p = 0.10: Nit11 t hese  
data . ,  the  total  torque demand is: 
M = 346 cos a (0.18 t t a n  a) 
- 
f o r  weak s o i l  (30) 
f o r  f i r m e r  s o i l  /q = 3% cos oc (@.IO f f47z a) 
- 
where d is  t h e  s l o p e  angle. Eq. (30) r e su l t s  i n20  a l i s t  of tc i ta l   torque dem:.~:d 
versus  slope.  73 
The maximum torquc  del ivered by the power source i s  M,,az = 106 Newton meters. 
If the  torque  demand su rpasses  th i s  number, t he  veh ic l e  is cons idered  in  a 
no-go s i t u a t i o n .  If the demanded' torque is smallsr   than M,, = 106 Nm, t h e  
work per  mi t d i s t a n c e  i s  conlputed. 
- 
- 
"- I-.I ."._""_.-._ 
Thc yowcr required per ax le  is 
P=k/ lW 
where i s  the  torque F C ~  axle, and m i s  t h e   r o t a t i o n a l   v e l o c i t y .  
Introducing wheel s l i p  
where fJ  is wheel rddius, and a" i s  vehicle  speed,  the power equation can be  
exprcs s ed as  
The t o t a l  power of both axles  is, then 
Work i s  defined as 
- 
E = Pt 
\v.llere f i s  elapsed  time. For constant  vehicle  speed, f can h e  replaced 
(34 1 
(35) 
by 
D t = -  
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where D is t r a v c l e d   d i s t a n c e .  Eqs. (34) and ( 3 6 )  s u b s t i t u t e d   i n t o  Eq. (35) 
y i e l d  t h e  work per  u n i t  d i s t a n c e  
(37) 
Resul t s  ”-.- _.  
S l i p ,  dr ive . torque ,  and  work per  u n i t  d i s t a n c e  are conputed f o r  t h e  
Lunar rovcr  t r a v e l i n g  o v e r  s o f t  smooth ground.  Lis ted  in  a t a b l e ,  t h e  conTuted 
d a t a  can be u s e d  t o  r a p i d l y  i d e n t i f y  “go” and %o-gott cond i t ions  as a func t ion  of 
slope.  Tables  111-4 and 111-5 are computed for two types  of  Lunar s o i l  r e s p e c t i v e l y .  
TAELE 111- 3 - SMPLE OF LUNAR VEHICLE  MOBILITY  DATA  PRESENTATION 
T 
Work 
EF/D 
N-m/km 
Rear Axle 
Work 
E ~ / D  
N-m/km 
l- 
Torque 
M 
N- m 
7 
I 
I 
” 
go 
- 106 - 
no go 
T o t a l  
. . ~ _ _  
W0f.k 
E/ D 
N-m/km 
”.- 
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SLOPE FRONT AXLE REAR  AXLE I I TOTAL I I i 
Slip Torque i Work '1 Torque 1 Work Slip 
Torque j 2sr;m 1 .  { .  ,, 
I ..: _ . .  ,- I . . , - . -  .. I ! i 
N - m  1 W-s/m if W-sfm N -m % I degree 
! 
7' I N - m  
1 E / D  .i 
r r 
1 1 I 
i 
1 
f 0 1 2  > 8 I 23  
1 85 1 47 1 14.5 28 4 -  19 1 60 5 10 
3 24 1 73 . :  .I 41 1 ! pZ&.y: .'r.. 17 I 53  t 8 1   ' 4  
1 5  1 46 I 3 20 1 61 I ' 35 1 107  1 3 
2 1 3  1 39 23 t 70 1 2 1 10 I 3 1  2 
28 i 51 ;] 9 ,  1 
S I M E / D  M S M 
.) 
I 
1 
i 17  I 
I i I i 
! E l 3 2 3 s  1 3  i 16 
I 1 
I 4 1 50 I 88 '1 29  
6 1  
I 
d 
i 
1 1 1. 
1 2  i 5 5 1 32  i 1 165 21  67 I 1 9 8  i 53 I 
I 
14 I 6  23 i 74 I 5 36 111 j 59 1 185 1 
4 
Q\ 40 1 124 25 r 81 ! 6 16 I 7 I 65 1 205 ! I 
18 8 27 1 3 9  I 71 44 7 87 
I I 1. _. - ~ .226 
20 1 10  I I 29  I 93 I 8 48 \ 154 I 77 I 247 
22 100 9 i 53 1 170 I 83 1 270 11 I 3 0  
4 
I 
I 
1 
24 1 1 3  
1 5  26 
57 f 187 I 89 j 294 i 10 l 107 3 2  
71 250 1 106 I 380 i 35 I 130 J 16 21 30 
66 . .., 227 1 100 I 34s I 14 3 4  I 121 1 8  28 206 i 95  I 319 62 12 1 1 3  3 3  
I 
I 
t 
1 Table 111-4 - Firm Soil - 
Slip,  torque, and work per unit  distance,  all a s  functions of slope angle 
E = Work (N-In = W - s )  
D = Distance (m) 
W = Watt 
N = Newton 
m = m e t e r  
s = second 
1 SLOPE I FRONT AXLE REAR  AXLE TOTAL 1 i 
I 
I -1 
Slip Work i Work m I orque Torque Slip Work Torque 
S E / D  M M S E / D  M 
1 degree 1 70 I N -m W-s/m I % N -m W-s/m W-s/m 
[ 0 5 
146 , I46 82  26 6 64 7 I 20 4 
58 I 3 4  I 106 j 19 4 15 I 48  I 
i 
2 1  6 41 1 126 i 70 23 5 18  1 56 
! 
6 
189 I 55 109 3 4  9 80  24 10 8 
: 
167 152 95 30 7 7 2  22 8 
I 
10 I 38 I ' 124 212 j 
1 2  I 1 2  ! 4 2  I 140 70 I 237 I 
14 I 
i 18   30  107 265 I 
I I 
16 I 297 I 178 1 82 50  18  32  118 20 4 I 
-l 1 18  26 j 34 1 133 204 I 88  22 I 54  I 337 i 
I 2o 34  35 . I 157 1 28  59 1 240 94 I 5 
I 22  49  36 i 210 i 40 I ' 63 I 309 I I 99 i 519 
88 1 70 I 
1 68  1 663 105 I I 
Table 111-5 - Weak Soil 
Slip, torque, and work per unit: distance, all as functions of slope angle 
E = Work ( X - m  = Mr-s) 
D = Distance (in) 
W = Watt 
N = Newton 
m = mete r  
s = second 
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